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Retroviral Vectors for Liver-directed Gene Therapy 

GANJAM V. KALPANA, Ph.D. 

ABSTRACT: Retroviruses are popular gene therapy vectors because they stably integrate the DNA copy of their 
genome into the host chromosome during their replication cycle. The widely used murine retroviral vector systems 
have two components: the transfer vector for the transgene carries all the c\s-acting elements necessary for the repli- 
cation and efficient integration of the viral DNA; and the packaging cell line produces all the trans-acting proteins 
necessary for both structural and catalytic functions of the virus, Advances in design of retroviral vectors have re- 
sulted in greater degree of biosafety, expanded host range, and increased stability of the virus particles. Retroviral 
vectors have been widely used in the ex vivo gene therapy protocols to correct the liver diseases in a wide variety of 
species. In a limited number of applications, in vivo gene therapy has been achieved after the liver cells have been 
stimulated to regenerate. One major litnitation of murine retroviral vectors is their inability to infect nondividing 
cells. This problem has been overcome by deriving vectors from Antiviruses (a class of retroviruses) that have the 
ability to infect both dividing and nondividing cells. The lentiviral vectors are derived from human immunodeficiency 
virus type I (HIV- J). Initial studies using lentiviral vectors for gene delivery to the liver in vivo show promising re- 
sults. A highly crippled version of lentivirus has been generated by using producer cells in which the wins-act ing 
components are expressed by several different coding elements and vectors that incorporate features ofself-inactiva- 
tion. These improvements should ensure biosafety of lentiviruses and make them useful in efficient delivery ofjhera- 
peutic genes to nondividing differentiated tissues such as the liver. 

KEY WORDS: retroviral vectors, gene therapy, lentiviral vectors 



Development of methods to deliver therapeutic 
genes to correct inborn or acquired deficiencies is a key 
aspect of gene therapy. 1 Of the several modes of gene 
delivery available today, use of recombinant viruses is 
the most powerful because it exploits the efficient ma- 
chinery evolved by viruses to deliver nucleic acids into 
host cells. 2 Retroviruses, the best studied vectors for 
gene therapy, not only can deliver the nucleic acid 
genome, but also siably insert a complementary DNA 
copy of their genomic RNA into the host chromosome 
as an essential step of their life cycle. 1 This unique abil- 
ity to efficiently integrate into host genome and to be 
faithfully transmitted to the progeny cells has made 
them the most popular gene therapy vectors. In addition 
to efficient entry and integration into cells, their broad 
tissue and host range, expression of transduced genes at 
high levels, ease of production at reasonably high titers., 
availability of producer cell lines (the packaging cell 
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lines), and lack of adverse host immune response to 
retroviral vectors all add to their inherent advantage for 
use as vehicles for gene transfer. 3 Recent advances have 
resulted in lentiviral vectors, which have an unusual 
property that makes them suitable for noninvasive in 
vivo gene therapy of terminally differentiated tissues 
such as liver. This property is the ability of lentiviral 
vectors to infect and integrate into the genome of nondi- 
viding cells. 3 In this article, the principles underlying 
design, construction, and use of retroviral vectors for 
liver gene therapy will be discussed with a special em- 
phasis on the lentiviral vectors. 



RETROVIRAL VECTORS 
Salient Features of Retroviral Replication 

A thorough understanding of retroviral replication 
has helped the design of efficient retroviral vectors. 
Therefore, a brief description of retroviral life cycle will 
be presented prior to the description of design of retro- 
viral vectors. 4 
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The Structure of Viral RNA 



Retroviruses are RNA viruses. The virus particle 
contains two identical copies of genomic RNA along 
with viral and cellular proteins (Fig. 1 ). There are three 
major open reading frames — gag, pol, and env — in the 
viral RNA that encode the structural and catalytic pro- 
teins required for various steps of viral replication. The 
viral RNA is flanked on either side by elements called 
long terminal repeats (LTRs). The 5' end is flanked by 
regions R (for repeat) and U5, whereas the 3' ends are 
Hanked by regions U3 and R. The LTRs harbor the cis- 
acting promoter, upstream enhancers as well as poly- 
adenylation signals essential for viral transcription. Ad- 
ditional d.v-acting elements include signals (acceptor 
and donor sites) for proper splicing of mRNAs, the 
packaging sequence (\\f) that allows the viral RNA to be 
specifically packaged into the virus particle and primer- 
binding sites for the initiation of reverse transcription in 
the recipient cell (Fig. 1). 



Early Events in Retroviral Replication 

Viral entry into the host cell is mediated by a spe- 
cific interaction of the envelope glycoproteins on the 
surface of virus particles with receptors on the host cell 
surface. The receptor-envelope interaction primarily 
determines host range. Murine amphotropic retroviruses 
have a broad host range, capable of infecting many dif- 
ferent cell types from various species, including mouse 
and human, and have been the mainstay in the design of 
gene therapy vectors for humans. After entry into the 
host cell, the RNA genome is reverse-transcribed in the 
cytoplasm into double-stranded DNA. During the pro- 
cess of reverse-transcription, the U5 region is trans- 
ferred to 3' LTR and the U3 region is transferred to 5' 
LTR in such a way that both LTRs possess U3 ; R, and 
U5 regions (Fig. I). 

The double-stranded DNA resulting from reverse 
transcription resides within a high molecular weight 
nucleoprotein complex called the preintegration com- 
plex (PIC), which includes the machinery necessary for 
integration of viral DNA. The transport of this large 
nucleoprotein complex from the cytoplasm into the 
nucleus of the infected cell is a prerequisite for inte- 
gration. Unlike lenti viruses, the PICs of murine 
retroviruses (e.g., Moloney -murine leukemia virus 
[Mo-MuLVJ) are incapable of crossing the nuclear 
membrane. 5 To access the host genome, they have to 
await the dissolution of nuclear envelope during mito- 
sis. Thus, integration of murine retroviruses is depen- 
dent on cell division. Because integration is essential 
for their replication, murine retroviral vectors cannot 
infect nondividing cells and terminally differentiated 
tissues. 
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Replication-defectiv Retroviral Vectors 

The most effective retroviral vectors are those that 
are capable of incorporating therapeutic genes, deliver- 
ing them to the host cells via a single cycle of infection, 
and incapable of further spread. Such replication-defec- 
tive viral vectors arc derived by manipulating the viral 
genome and by replacing most or all of the viral genes 
by therapeutic transgenes. 1 The transgenes are repli- 
cated and integrated into the host genome along with the 
essential m-acting elements of retroviral vectors. Gen- 
eration of such virus particles with a mixed composi- 
tion of partially defective genomic RNA encapsidated 
within functional viral proteins is possible because viral 
proteins necessary for processes associated with entry, 
reverse-transcription, and integration can be provided in 
trans by the helper cell lines, called the packaging cell 
lines. Because there is no need for viral protein synthe- 
sis during the early events of infection, the replication- 
defective virus produced in the packaging cell line can 
infect the recipient cell and integrate the vector DNA 
into the host genome without the de novo synthesis of 
viral proteins. Once integrated, it is no longer able to 
propagate in the absence oif virus-specific genes. These 
replication-defective vectors are often called transduc- 
ing viruses to distinguish them from replication-compe- 
tent viruses. 1 

The replication -defective, transducing viruses are 
produced in two stages. First, the therapeutic gene of in- 
terest is cloned into the transducing vector DNA that is 
'"crippled" or deleted of all the viral genes necessary for 
replication, such as gag, poL and env, while retaining the 
*M/' signals and other cis sequences necessary for the 
packaging of recombinant RNA molecule into the virus 
particle, and subsequent reverse-transcription and repli- 
cation. Second, the recombinant viral DNA is transiently 
transfected into a packaging cell line that expresses the vi- 
ral gag y pol, and env, proteins in trans via a second defec- 
tive viral genome, called the helper virus, which is devoid 
of cis- acting sequences, including \|/ sequences (Fig. 2). 



Generating Retroviral Vectors 
with a High Degree of Biosafety 

Early helper vectors contained simple deletions of 
the i[; region and were capable of producing all viral 
proteins, including Gag, Pol, and Env. Although the 
helper virus genome itself cannot be packaged, the re- 
combination of helper virus with the transducing vec- 
tors leads to a possibility for regenerating a replication- 
competent recombinant (RCR). 6 This has lead to the 
design of multiply attenuated helper viruses. In some of 
the systems, the 3 '-LTR of the helper virus, whose sole 
function was to provide polyadenylation signal, was re- 
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FIG. 1. Structure of genome and replication cycle of retroviruses. (A) Retroviral genomic RNA comprises three open reading 
frames for genes gag, pol, and en/and is flanked at each end by LTRs. The 5' LTR consists of regions R and U5; the 3' LTR com- 
prises regions U3 and R. Upon reverse transcription a double-standard (ds) DNA copy of the virus is formed thai carries all the re- 
gions of viral RNA. In addition, each LTR end consists of three regions: U3, R and U5. Whereas the 5' U3 region provides enhancers 
and promoter elements for the transcription of the integrated copy of the virus, the R region provides polyadenylation signals, vi/ = 
packaging signal; PBS = primer binding site; SD = splice donor; SA = splice acceptor. (B) Retroviral life cycle. Viral RNA that is en- 
capsidated in the particles enters the cytoplasm, where reverse transcription converts it into ds DNA. This DNA resides within a high 
molecular weight nucleo-protein complex called the preintegration complex (PIC). Upon entry of the PIC to the nucleus, integration of 
viral DNA to host DNA takes place. Subsequent steps of transcriprion of integrated viral DNA, translation, assembly, and budding re- 
leases the progeny virus particle. 



placed with non retroviral polyadenylation signals, thus 
reducing the probability of recombination. A higher 
level of safety also has been ensured by using split 
genomes, where gag/pol and env are separated on two 
distinct helper genomes. This further reduces the proba- 



bility of generating RCRs by increasing the number of 
crossovers required for recombination. 

When split genomes arc used, it is possible to 
pseudotype the transducing viruses by mixing the 
gag/pol -encoding genome from one virus with an env- 
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FIG. 2. Schematic representation of retroviral gene therapy vector system. (A) The gene of interest (therapeutic gene) is first 
cioned into the transfer vector carrying the c/s-acting elements and the recombinant DNA is transfected into producer celts known as 
packaging cells. (B) Packaging cells carry helper genomes but. lacking the \|j signal, expresses the viral proteins that assemble along 
with the RNAfrom the trasnfer vector to produce viral particles. (C) The virus particles carrying vector RNA enters the cells. (0) The 
transfer vector along with the transgene is converted into DNA by reverse transcription. (E) Integration of the vector DNA results in 
the stable insertion of therapeutic genes in the recipient cells. 



fifl 
titl 



«§!JS«y 

..• i •--'V. 

•Hp 



IS 



tpsi 



Material may be protected by copyright law (Title 17, U.S. Code) 



RETROVIRAL VECTORS FOR LIVER-DIRRCTED G EN b THERAPY — KALPANA 



3! 



encoding genome from a different virus with different 
host range. 1 Pseudotyped viruses acquire the host range 
properties of the vims from which the envelope is de- 
rived but displays the replication capability of the virus 
from which the remaining sequences are derived. In 
general, the transducing viruses are pseudotyped with 
envelope from amphotropic retroviruses. 

Self-inactivating Retroviral Vectors 

In combination with the multiply attenuated helper 
vectors with split genome, an additional biosafety feature 
has been introduced by making the transfer vector handi- 
capped or self-inactivating. 7 9 This is possible because of 
the modality of retroviral reverse- transcription, where 
the U3 region of both 5' and 3' LTRs of the viral DNA 
are derived from the U3 region of the 3 'LTR of the viral 
RNA (Fig. 3). The U3 region carries promoters and en- 
hancer elements necessary for the transcription of inte- 
grated provirus. A deletion introduced into the U3 region 
to remove enhancer and promoter elements at the 3' end 
of the transfer vector gets transmitted to the 5' region of 
the viral DNA in the recipient cell during reverse-tran- 
scription. When this viral DNA integrates, it lacks both 
5'and 3' U3 regions, and thus is not able to initiate tran- 
scription from the viral LTRs (Fig. 3). When using self- 
inactivating (SIN) retroviral vectors, the transgene is al- 
ways expressed from an internal promoter. This design of 
SIN vectors also allows the use of cognate promoters as 
internal promoters because there will not be transcrip- 
tional interference from the 5' LTRs. The second advan- 
tage of using SIN vectors is that the integrated proviral 
genome is not capable of activation of an adjacent cellu- 
lar oncogene due to the lack of 3' promoters, thus increas- 
ing the biosafety measures. 

An extensive list of all the available packaging cell 
lines carrying different helper viruses can be found else- 
where. 1 



Gene Therapy of Liver 
Using Retroviral Vectors 

Standard murine retroviral vectors are well suited 
for cx vivo gene therapy applications of nondividing 
cells such as those in liver tissue. Hepatocytes from a 
variety of species, including mice, rats, rabbits, ba- 
boons, and humans, have been transduced with thera- 
peutic genes using retroviral vectors ex vivo. iQ - K The 
integrating characteristic of retroviruses was exploited 
in the first successful long-term ex vivo gene therapy 
for a metabolic disease of the liver. In this study, hepato- 
cytes were isolated from a resected liver lobe of low- 
density lipoprotein (LDL) receptor-deficient Watanabe 
heritable bypertipidemic (WHHL) rabbits. The primary 



hepatocytes were established in culture and trans- 
duced with a MoMuLV-based vector expressing human 
LDLR. 10 Phenotypic correction of the transduced cells 
was demonstrated by reconstitution of the ability to in- 
ternalize LDLs. Following retro virus-mediated trans- 
duction, the cells were transplanted back into the donor 
rabbit by infusion into the portal vein. 10 Because the he- 
patocytes were autologous, no immunosuppression was 
needed. Long-term survival and function of the trans- 
duced transplanted cells was demonstrated by molecu- 
lar analysis of liver biopsy specimens. The transplanta- 
tion resulted in a 20 to 35% reduction of serum LDL 
cholesterol levels for the duration of the study (6 
months). 10 Following this preclinical study, this ex vivo 
method was evaluated in a clinical study in four patients 
with familial hypercholesterolemia. 15 * 16 Although the 
reduction of serum LDL cholesterol was modest, and 
probably not therapeutically adequate, these studies 
showed the feasibility of transplanting transduced autol- 
ogous liver cells in a clinical setting. 17 

Efficiency of ex vivo gene therapy using autolo- 
gous primary hepatocytes is restricted by several fac- 
tors. First, the number of hepatocytes that can be har- 
vested from liver segments resected from a patient is 
limited. Second, the transduction of cultured primary 
hepatocytes, which divide only infrequently, is ineffi- 
cient. Third, only a limited number of hepatocytes, rep- 
resenting 1 to 5% of the total hepatocyte mass, can be 
transplanted into the liver at one time. 18 - 19 In cases 
where the phenotypically normal transplanted cells 
have a definite survival advantage over the host hepato- 
cytes, it is expected that the host liver eventually will be 
repopulated by a small number of transplanted hepato- 
cytes. For example, in hereditary tyrosinemia type 1 
(fumarylacctoacetate hydrolase deficiency) and pro- 
gressive familial intrahepatic cholestasis type 3 (MDR3 
abnormality) the life span of the host liver cells are 
markedly reduced. This should provide a selective pro- 
liferative pressure on the phenotypically normal trans- 
planted cells, which should eventually replace the ab- 
normal cells. These aspects are discussed more fully in 
the article by Grompe et ah in this issue. 

To overcome some of the hurdles described above, 
two-stage retroviral transduction of hepatocytes has 
been performed in rats. Hepatocytes were harvested 
from a resected liver lobe of a bilirubin-UDP-glucu- 
ronosyltransferase-deficieiu (bilirubin-UCT) jaundiced 
Gunn rat. 2() As a first step, primary hepatocytes were 
transduced with a retroviral vector expressing a thermo- 
labile mutant simian virus large T- antigen. This results 
in conditional immortalization of the hepatocytes. The 
cells proliferate in culture at 33°C. At physiologic tem- 
peratures, the mutant T-antigen is degraded, and the cells 
stop proliferating and express characteristics of differen- 
tiated hepatocytes. 21 During the proliferative phase of 
the cells, they were efficiently transduced using a second 
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FIG. 3. Self-inactivating (SIN) vectors. These vectors 
carry a deletion of the essential enhancer and promoter 
elements in the U3 region (dU3) at the 3'end of the LTR 
of the transfer vector. (A) Transcription of the vector in 
the producer cell line results in viral RNA that only car- 
ries the deleted U3 region but not the 5' U3 region. (B) 
Reverse transcription of this RNA in the recipient cells 
transfers the deletions at the 3' U3 region to the 5' re- 
gion of the resulting viral DNA. This deleted U3 region is 
not able to transcribe viral DNA, and hence is self-inac- 
tive. 
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recombinant retrovirus, expressing human bilirubin- 
UGT. 20 The pheno typically corrected transduced cells 
were cloned, expanded in culture, and transplanted into 
syngeneic Gunn rats in five different sessions. This re- 
sulted in approximately 30% reduction in serum biliru- 
bin levels on a long-term basis. The transplanted immor- 
talized hepatocytes were not tumorigenic, either in the 
Gunn rats or in immunodeficient (SOD) mice. 

In some animal experiments, in vivo gene transfer to 
the liver has been accomplished using retroviruses. 21 He- 
patocellular proliferation was induced in Gunn rats by 
66% hepatectomy 24 hours before delivery of retroviral 
vectors. The inflow and outflow vessels of the liver were 
clamped and catheterized. The livers were perfused in situ 
with a recombinant retrovirus expressing human biliru- 
bin-UGT. This resulted in sustained reduction of serum 
bilirubin levels for 18 months (duration of the study). Re- 
placement of partial hepatectomy by other noninvasive 
approaches for the induction of hepatocellular prolifera- 
tion is being investigated. These strategies include the ad- 
ministration of tri-iodothyronine, hepatocyte growth fac- 
tor, lipopolysaccharides, and activators of Fas. 22 2 -- 



PROGRESS IN DESIGN 
OF RETROVIRAL VECTOR SYSTEM 

There are several limitations to the commonly used 
vector/packaging systems for in vivo gene therapy of 
liver and other nondifferentiated tissues. First, it is diffi- 
cult to concentrate these viruses to achieve high titers as 
they are disrupted or ruptured during high-speed cen- 
trifugation. Second, amphotropic host range virus is 
inactivated by human serum. Third, they are unable to 
integrate in nondividing ceils. Fourth, there is a possi- 
bility of transcriptional shut-off that occurs in vivo after 
prolonged periods. Recent advances in gene therapy 
strategies have resulted in overcoming many of these 
problems, which are discussed in the following sections. 



Production of Highly Concentrated 
Retroviral Vector Particles 

This has been achieved by pseudotyping the virus 
particles with envelope G glycoprotein of vesicular 
stomatitis virus (VSV), a class of RNA virus. 26 - 27 VSV- 
G protein was coexpressed in place of murine envelope 
protein, along with the helper virus that is devoid of env 
gene and transducing vector in the packaging cells. The 
resulting psuedotyped virus particles that had incorpo- 
rated the VSV-G envelope possessed a wide host range 
of VSV and could be highly concentrated by centrifuga- 
tion without loss of biological activity. Titers as high as 
10 s per ml could be achieved using this method. 



Packaging Cell Lines with 
Inducible Synthesis of VSV-G 

Initial studies used transient trans fee lion to express 
VSV-G protein in the packaging cells because the consti- 
tutive expression of high levels of VSV-G in most cells is 
toxic. This significantly limits the application of pseudo- 
typed viruses because only small amounts of the viruses 
could be produced at a given time. This toxicity problem 
has been overcome by developing human -derived pack- 
aging cell lines that express VSV-G under a tetracycline- 
inducible promoter. 28 In this case, the packaging cells 
harbor an altered gene encoding VSV-G protein under the 
ret 0 promoter, which is repressed by tct/VPI6 protein in 
the presence of tetracycline. The tet/VP16 repressor is 
expressed from a second stably integrated construct and 
is inactivated upon the removal of tetracycline from the 
medium. In addition to these two constructs, the Gag-Pol 
proteins were expressed from a cytomegalovirus (CMV) 
promoter in the third construct. To generate retroviral 
vectors, the transducing vectors are first stably intro- 
duced into these packaging cells and cultured to obtain a 
desired cell density. Once the desired density of cells is 
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obtained, tetracycline-containing medium is removed 
and replaced by medium without tetracycline to inacti- 
vate the repressor. This results in the production of a large 
amount of VSV-G psuedotyped virus particles in the cul- 
ture supernatants that can be concentrated 1000-fold, re- 
sulting in viral titers up to 1 0 9 infectious particles per ml. 

Use of human-derived cells as packaging cell lines 
and incorporation of VSV-G proteins into retroviral vec- 
tor has additional advantages. Unlike amphotropic en- 
velopes, the VSV-G psuedotyped retroviral vectors were 
shown to be significantly more resistant to human serum. 



LENT1VIRAL VECTORS 

Unlike murine retroviruses, lentiviruses, a class of 
complex retroviruses, are capable of infecting both ac- 
tively dividing as well as nondividing cells. 29 This prop- 
erty makes them most desirable for use in noninvasive 
in vivo gene therapy. Although the basic mode of repli- 
cation of lentiviruses is similar to that of murine retro- 
viruses, they differ in many aspects: hence, the life cy- 
cle of lentiviruses is discussed here, highlighting the 
differences followed by a description of latest advances 
in developing lentiviral vectors. 



Salient Features of 
the Lentiviral Life Cycle 

The best studied lentivirus is HIV- 1 . A crippled ver- 
sion of this vims has been developed into a lentiviral 
vector and has been used as a vehicle for in vivo gene 
delivery. 30 Like simple retroviruses, the genomic RNA 
of HIV-i contains three major genes: gag, pol, and env. 
In addition to these, it also carries open reading frames 
for six accessory genes:/a/, re\\ vpr, vpu, nefand vif. 31 - 32 
These accessory proteins are encoded by multiple exons 
in the viral genome and thus require multiple splicing of 
viral RNA for production (Fig. 4). The Tat and Rev pro- 
teins are important for the efficient gene expression at 
the transcriptional and posttranscriptional levels, re- 
spectively. Tat dramatically increases HIV-1 transcrip- 
tion by binding to TAR (transactivation response) se- 
quences in the nascent RNA. TAR is a stem loop 
structure upon binding, to which Tat protein stimulates 
transcriptional elongation by RNA Pol II. Rev protein is 
essential for the export of unspliced. and singly spliced 
viral Lranscripts. After transcription, the Rev protein 
binds to sequences in the viral RNA known as RRE 
(Rev response elements) and facilitates the nuclear ex- 
port and cytoplasmic accumulation of viral transcripts. 
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FIG. 4. Structure of HIV-1 viral DNA and the three plasmid based lentiviral vector system. (A) Structure of HIV-1 DNA indicat- 
ing the open reading frames for major proteins and accessory proteins. (B) Packaging construct of the helper virus provides ali the vi- 
ral proteins except Env; there is a stop codon at the begining of Env and a deletion in the packaging signal (A^). (C) Envelope pro- 
teins, Ampho or VSV-G, are expressed from a separate plasmid vector. (D) Jhe transfer vector carries ali the c/s-acting elements. It 
also carries an internal CMV promoter for the expression of transgene. 
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Both Tat and Rev are indispensable for the production 
of progeny virus particles. However, the remaining four 
accessory proteins Vif, Vpu. Vpr, and Nef are not essen- 
tial for viral replication. Some of these, such as Vif and 
Nef, are required for in vitro viral replication in a cell 
type-specific manner. Some of them, such as Vpr and 
Nef, are thought to be necessary for pathogenesis in 
vivo. The mechanism of action of the above four acces- 
sory proteins are still not completely understood. 31 32 

The most striking feature of HIV- 1 is its abiliLy lo 
replicate in nondividing cells. This property is due to 
the ability of the lenti viral PICs to get actively trans- 
ported to the nucleus when the nuclear membrane is 
still inlaci. 29 The nuclear import of PICs is an ATP-de- 
pendent process and is mediated by the mutually exclu- 
sive nuclear localization signals in vpr and matrix pro- 
tein (MA, which is encoded by gag). In addition, the 
integrase (IN protein, encoded by pol) is also thought to 
play an important role in nuclear localization. Thus, 
lentiviruses can get access to cellular DNA during all 
stages of the cell cycle, and integration of the viral 
DNA can proceed in the absence of active cell division. 

Generating Lentiviral Vectors 

Using retroviral vectors as models, lentiviral vec- 
tors have been generated by inserting the transgene be- 
tween the LTRs and the packaging signal The env pro- 
tein of HTV- 1 would limit the target cell specificity to T 
cells and macrophages. Therefore, similar to murine- 
retroviral vectors, the lentiviral vectors are pseudolyped 
with VSV-G to obtain broad host range. The VSV-G en- 
velope significantly increases the stability of virus parti- 
cles and hence allows the concentration of the lentiviral 
preparations by centrifugation as well. The use of VSV- 
G envelope does not induce cellular immune response 
or inflammations in vivo. 

One of the first-generation lentiviral vectors devel- 
oped is a three- plasm id-based system that includes a 
helper construct, an envelope-encoding construct, and 
the transducing vector (Fig. 4). 3() In this system, the 
helper construct lacks the viral 3' and 5' LTRs, ij; se- 
quences, envelope-coding regions, and expresses the 
gag, pol, and accessory proteins from a CMV promoter. 
The £7ii>-coding plasrnid expresses either an am- 
pho tropic envelope or a VSV-G envelope for psuedo- 
typing. The transducing vector or transfer vector con- 
tains c/j-acting sequences of HIV-1 necessary for 
reverse transcription and integration (3' and 5' LTRs 
and primer binding site), packaging sequences, splice 
signals, RRE for nuclear export, and unique restriction 
sites for cloning the transgene of interest. In addition to 
these c/j-acting sequences, an internal CMV promoter 
and ribosomal entry site (RES) have been incorporated 
to facilitate the transcription of transgene in the absence 
of viral accessory proteins in the recipient cell (Fig. 4). 



To generate the replication-defective virus particles, 
the three plasmids are transiently cotransfected into hu- 
man 29 3T cells. All viral proteins are produced by the 
helper and envelope constructs, and the transducing RNA 
is produced by the transfer vectors, which are then as- 
sembled into virus particles and released into the super- 
natant. Virus particles in the culture supernutants can be 
concentrated by centrifugation if psuedotyped with VS V- 
G. These viral superaatants are then applied to desired 
tissues for gene delivery. As in retroviral vectors, proteins 
packaged in the virus particles are sufficient for the entry, 
reverse-transcription, and integration of transfer vector in 
the recipient cell. In the absence of viral proteins, the 
transfer vector is defective for viral replication, and only 
the transgene is expressed from an internal promoter. 



Using Lentiviral Vectors 
for Liver Gene Therapy 

The efficacy of the first-generation lentiviral vec- 
tors for in vivo liver gene therapy has been tested. 33 In 
this case, an eGFP (eukaiyotic humanized green fluo- 
rescent protein) gene was cloned into the transfer vector 
upstream of a CMV promoter. Vims particles prepared 
as described above and pseudotyped with VSV-G pro- 
tein were injected into the liver parenchyma of adult fe- 
male nude rats. The transduction efficiency was deter- 
mined by monitoring green fluorescence. About 3 to 4% 
of total liver tissue was transduced by a single injection 
of 1 to 3 X 10 7 infectious units of recombinant lentivi- 
ral vector. GFP was detected for a period of 6 months, 
the longest period tested after injection. No detectable 
inflammation was observed at the site of injection in the 
liver, indicating that there is no host mediated cellular 
immune response lo lentiviral vectors. On the contrary, 
the MuLV-based vector used as a control did not show 
any transduction of liver cells in vivo. These results 
clearly indicate the usefulness of lentiviral vectors for in 
vivo liver gene therapy. 



Progress in Design of Lentiviral Vectors 

A major limitation in using lentiviral vectors for 
gene therapy is the biosafety consideration of introduc- 
ing pathogen-derived sequences into humans. The con- 
cern is that the segregated cis elements of transfer vec- 
tor could recornbine with the trans- acting elements of 
the helper construct, or even more likely, with the en- 
dogenous retroviral sequences to regenerate RCR and 
present a risk to the recipient. The split-genome design 
of the threc-plasmid vector described already ensures 
that such events are highly improbable because multiple 
crossover events need to take place in the correct order 
to regenerate RCR. Additionally, because the endoge- 
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nous retrovirus sequences present in the host genome do 
not have any nucleotide sequence homology to the 
lcnti viral class of retroviruses, the probability of their 
recombination to generate RCR is minimal. Further- 
more, one can also consider using simian or other 
lenli viruses as vectors, which will further reduce the 
possibility of homologous recombination. Improve- 
ments in the vector design have resulted in multiply 
attenuated vectors and self-inactivating vectors that 
should provide important additional safety features. 



Multiply Attenuated Lentiviral Vectors 

The second- and third-generation lentiviral vec- 
tors were generated by removing many of the acces- 
sory proteins from the vector system. 34 As discussed 
earlier these accessory proteins arc encoded by the 
helper construct. By introducing mutations or dele- 
tions, four of the accessory proteins thai are not essen- 
tial for vector-mediated transduction — Vpr, Vpu, Vif 
and Nef — were eliminated. It is known that the func- 
tion of Tat is necessary in the packaging cells only 
for LTR-mediated transcription of transfer vector. 
However, if a part of the promoter present in the U3 
region of LTR was replaced by a constitutive promoter 
such as CMV, the Tat dependency could be completely 
removed. Thus, five of the six accessory proteins can 
be eliminated. Moreover, the helper virus coding re- 
gion was further split by removing the Rev coding re- 
gion and providing it on a fourth pi as mid. 35 Such 
highly crippled vectors both provide all the necessary 
frcins-'dcilng functions and are much safer. However, 
while using these vectors it is important to determine 
the requirement for the specific tissue in question. For 
example, it was noticed that efficient transduction in 
liver requires Vif and Vpu proteins, but they are not 
required for transduction in neuronal cells. 33 Al- 
though the mechanism of these differences is not 
known, it is thought that tissue-specific host cell pro- 
teins may complement the absence of these proteins 
in some cell types but not others. 



Self-inactivating Vectors 

Recently, SIN lentiviral vectors have been devel- 
oped where most of the U3 (a 400-base pair) region 
of LTR, including the entire promoter region, has 
been removed. 36J1 In one case, only 53 nucleotides 
were left for (1) proper recognition and processing by 
integrase encoded by pot and (2) polyadenylalion. This 
vector has all the functions necessary for transduc- 
tion but is sclf-inactivatcd because deletion in the U3 
region at the 3 'end of the viral RNA is transmitted to 
the 5 'LTR end of the viral DMA during reverse-tran- 
scription. Thus, the integrated viruses are nonfunc- 



tional due to extensive deletions in both the 3' and 5' 
U3 regions (Fig. 3). 

PERSPECTIVES 

Retroviral vectors offer great potential for gene ther- 
apy. Of several hundred clinical gene therapy trials cur- 
rently ongoing, more than 45% are using retroviral vec- 
tors. Only a handful of clinical trials are directed to 
correcting liver diseases, including familial hypercholes- 
teremia, liver metastasis, and acute liver failure (Wiley 
Clinical Trials Database). The major limitation in using 
murine-based retroviral vectors for liver-directed gene 
therapy, as discussed earlier, is their inability to infect 
nondividing cells. This problem can be solved by using 
lentiviral vectors because they can infect nondividing ter- 
minally differentiated tissues such as liver while retaining 
all the conveniences of retroviral vectors. The current im- 
provements in lentiviral vectors eliminate the possibility 
of regenerating RCR and thus are excellent biosafety 
measures. However, because there is no animal model for 
HIV-1 infection, the efficacy and biosafety of lentiviral 
vectors can only be tested by clinical trials. 

One problem associated with both lentiviral and 
retroviral vectors is the random integration of the trans- 
ducing vector in the recipient cells. Because integration 
occurs without sequence specificity, there is the possi- 
bility that integration may activate an oncogene or inac- 
tivate a tumor suppressor gene. If integration can be tar- 
geted to a predetermined site in the chromosome cither 
by modifying the integrase protein or the host factor that 
binds to it, then the danger of integrating into a harmful 
site can be eliminEited. 38 

The ability to express the transgene from an internal 
promoter rather than LTRs of the vectors as in the case of 
lentiviral vectors provides great flexibility in controlling 
expression of the transgene. For example, liver-specific 
promoters or cognate promoters, if they are available, can 
be used to express a liver-specific gene. This ensures that 
the transgene is expressed at desired physiologic levels. 

Unlike for retroviral vectors, no packaging cell 
lines are yet available for lentiviral vectors. Cell lines 
that constitu lively express rnmv-acting factors eliminate 
the need for transient transfection of multiple constructs 
and will allow the generation of the large quantities of 
virus preparations necessary for in vivo gene therapy. 

Another flexibility of retroviral vectors is that they 
can be pseudotyped with envelopes from other viruses, 
thus expanding the possibility of host range. Chimeric 
envelopes have been generated to incorporate part of the 
ligand for a cellular receptor. Viruses pseudotyped with 
such hybrid envelope proteins then interact with the cell 
surface receptor dictated by the ligand and mediate the 
cell type-specific infection by the retroviruses. 39 - 40 One 
can envision developing such hybrid envelopes for use 
in liver gene therapy. The lentiviral or retroviral vectors 
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could be pseudotyped with chimeric molecules carrying 
a hepatocyte-specific iigand. Such virus would specifi- 
cally infect liver cells for efficient gene delivery. 
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ABBREVIATIONS USED 



CMV cytomegalovirus 

eGFP eukaryotic humanized green fluorescent 
protein 

HIV- 1 human immunodeficiency virus type 1 

LDL low-density lipoprotein 

LTR long terminal repeat 

Mo-MuLV Moloney-murine leukemia virus 

PIC preintegration complex 

RCR replication-competent recombinant 

RES ribosomal entry site 

RRE Rev response elemeni 

SIN self-inactivating retroviral 

TAR transactivation response 

VSV vesicular stomatitis virus 

WHHEL Watanabe heritable hyperlipidemic 
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The utilization of alternative spike acceptors for exdston of the 5' major intron of human immim n frfr frTHy 
virus type 1 RNA was observed after infection in vitro. Specific spike events were monitored by a 
cDNA-polymerase chain reaction. These splice events shared a common spike donor but utffized several 
alternative splice acceptors. In addition to identifying the previously documented spike acceptors for Co/ and 
ne/(S. K. Arya, C. Guo, S. F. Josephs, and F. Wong-Staal, Science 229:69-73, 1985), nucleotide acqBcnce 
analysis of cDNA-polymerase chain reaction fragments also revealed the following: (i) two spike acceptors 15 
and 9 nucleotides upstream from die rev start codon, which are utilized to create trmnntr^+MdMfc jpntflr 
rev expression; and (ii) use of the splice acceptor previously attributed to nef to generate a rfngly spiked, 
ent^encoding transcript Hybridization signals representing the nefJenv, tat, and rev spike events increased in 
intensity between 6 and 12 h after infection of CEM cells with the LAV-1 BRU strain of human immunodeficiency 
virus t)pe 1. In contrast, the signal for utilization of the neflenv spike acceptor for the sin& spiked ear 
transcript |p|^ intensity by 24 h. Tht Mpenv s^^ ^ 

dominant at;^ dominance ensures d&tkaA^4wm^ 

proximal to the irnv initiation co^ spliced tnmscripts. However, eariy after infect^^^ t' ( ^m 

of the nt/en^ away from/of- tiititiiM 




paths. The relative proportion of hybrid representing these alternative l 

constant throughout ihe-vii^ 

^influence ^ splice chokes arc s& ! indu^ but rather that " ^ * •-. ■ - 

preferences determine the relative efficiency of alternative acceptor otiluation. 



■/ a^;U^cH^^ site. Differed 

Mf. ' mus^t therefore be achi^ 
RNA pr^ 

? ( £$<ti^ the possftimy ^ 

expression is controlled at the level 6f gene^specific RNA 

ft ^ -sj^ire^nt^ df gen<£si^ 

- tempoi^ expl^ession^-:■■• f ■£ , 
^; Processed RN As of HIV-1 are, in general, doubly or 
singly spliced (22). The majors' intron includes thegag-pol 
sequence and is deleted from singly spliced transcripts. 
These transcripts are believed to express the structural gene 
env as well as genes vjf, vpr, and vpu (22, 23). The 3' intron 
includes a large portion of the env coding region and is 
deleted from the doubly spliced transcripts believed to 
express the regulatory genes tat, rev, and nef. These regu- 
latory gene transcripts accumulate before the appearance of 
singly spliced transcripts after transfection with biologically 
competent viral DNA (30) and after single-cycle infection of 
lymphoid cell lines (15). However, differentiation of these 
RNAs encoding the three regulatory gen s has been difficult 
because of their similar sizes (1.8 t 2.0 kilobases) and 
shared nucleotide sequences. 
The determinati n of a temporal rder of regulatory gene 



and rev genes are required for vii^ rcpUc^ 
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v introns^they-differ in their utilization of splice acceptors f V ? 
deletion of >t^ 5' ihtrons ; (2, 25). At least three* splice / 
acceptors are present in a 200-nucleotide region located in 
the middle of genome. By utilizing primer-directed in vitro 
amplification (polymerase chain reaction [PCRJ) (26), it is 
possible 1 to generate short cDNA fragments that represent 
the alternative use of these splice acceptors. These frag- 
ments are easily resolved by electrophoresis and delected by 
using oligonucleotide probes, revealing a hierarchy of alter- 
native splice acceptor utilization during HIV-1 infection. 

MATERIALS AND METHODS 

Virus and infection. The LAV-1 BRU strain of HIV was 
propagated in the CD4-positive, iymphoblastoid cell lin 
CEM (10). Viral stocks were prepared by fieeze-thaw lysis 
foil wed by 1 w-speed centrifugation to remove cellular 
debris (13). Titers f stocks were determined by a terminal- 
dilution assay on 96-well microdilution plates containing 
CEM cells. Infected wells were determined by p24 antigen 
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assay (Abbott Laboratories, North Chicag , 111.) of the 
culture supernatants at 9 days. For time-course experiments, 
CEM cells were exposed to a multiplicity of infection of 10 
50% tissue culture infective doses per cell f r 2 h at 4°C. 
Cells were warmed to 37°C for 30 min, washed, and then 
incubated at 57*0. At each umc point, samples were taken 
for nucleic add purification, determination of cell count and 
viability, and culture supernatant plus p24 antigen assay. 
The times indicated in the figures indicate the periods of 
incubation at 37°C after infection. 

cONA amplification and hybridization analysis. Total nu- 
cleic acids -were prepared by, cell lysis in 0.2% sodium 
dodecyl sulfate-150 mM NaO-10 mM EDTA-20 mM Tris 
(pH 7.5}-20b pg of proteinase K per ml at 50°C for 45 min. 
Lysates were extracted twice with phenol-chloroform and 
once with chloroform, adjusted to 0.8 M LiCl, and precip- 
itated with 3 volumes of ethanol. Pelleted nucleic acids were 
suspended briefly in 10 mM Tris (pH 8.3) and then made up 
to 100 |il in a solution containing 50 mM Tris (pH 8.3), 10 
mM KC1, 2.5 mM MgCl ? , 10 »xg of bovine serum albumin, 0.2 
mM each deoxynucledside triphosphate, and 0.25 jig of each 
oligonucleotide primer. Nucleic acids were warmed for 90 s 
at 65°C to denature any RNA secondary structure and then 
cooled to 42°C fori min to anneal primers to target RNAs. 
!j -'--Miin^ transcriptase (100 l U;i^e^ 

thesdaRese^ 
^add^ 42°C for 30 

Miim ? ^^for^min to denature RNA 



DNA preparations were used as templates for a- 33 S incor- 
poration, dideoxy-sequencing reactions (Sequenase proto- 
col; U.S. Biochemical Corp., Cleveland, Ohio). For direct 
sequencing of cDNA-PCR fragments, 25-jiI (25%) samples of 
the amplification products were electrophoresed n 5% 
nnlyacrylamide eels and stained with ethidium bromide, and 
the specific bands were excised. DNA was passiveiy eiuicu 
into TE (20), ethanol precipitated, and then suspended in 25 
|tl of TE. The concentration of the DNA was estimated by 
comparative ethidium intensity on agarose gels. Approxi- 
mately 0.01 faiol of fragment was amplified by using asym- 
metric PCR (12) to generate single strands as described 
above, except that 0.5 pg of 5' primer (A) and 0.005 \xg of 3' 
primer (B or D) was used in a 35-cycle protocol using 5 U of 
Taq polymerase, 72°C primer extension was for 2 min, 
denaturation was at 94°C for 30 s, and annealing was at 55°C 
for 30 s. This protocol generates an excess of single-strand, 
plus-sense DNA due to the limiting amount of 3' antisense 
primer. The products of the asymmetric PCR were purified 
on Nensorb columns (Dupont, NEN Research Products, 
Boston, Mass.) and suspended in 15 p.1 of TE, and 7 yA was 
used in dideoxy-sequencing reactions as above, except that 
1 pmol of sequencing primer was used. Fragments F290, 
F285, and F100 were sequenced with antisense primer C; 
F290 was additionally sequenced with an antisense primer- v ; 
GCAATGAAASCi^CACrnTTACAATA 3') that is/ 
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^thermal cycler. Tuis protocol 




; Autoradiography was performed at - 
with one intensifying screen foi 1 to 2 i ^^^f^cmacleotides 
Were prepared with an AppUed Bibsystems synthesizer and 
purified with a C 18 column by high-pressure liquid chroma- 
tography or were obtained after gel purification from Genetic 
Designs, Houston, Texas. 

Nucleotide sequence analysis of cDNA fragments. Nucleo- 
tide sequences of specific amplification products were deter- 
mined by either analysis of plasmid clones or direct analysis 
of gel-purified cDNA-FCR fragments. For plasmid cloning, 
primers encoding the identical sequences as A and B but 
containing 5' extensions encoding BamHl or HindUl sites 
plus 25 additional bases were used to amplify nucleic acids 
from 10 4 HIV-infected CEM cells. Total cDNA-PCR prod- 
ucts from two reactions were pooled, digested vernight 
with BamHl and HindUl, and then gel purified from a 
2% agarose gel. DNA fragments of 100 to 150 base pairs 
were ligated to JtamHI-iffindlll-cut, phosphatase-treated 
psp6T 7 19 (Bethesda Research Laboratories). After transfor- 
mation f Escherichia coti MC1061, miniculture plasmid 



sequence analysis, predicting introhs ending in the dinucle- 
otide AG (Table 1). Fragment F2^reflrcted^ 
tion between nucleotides 287 and ^5356Aidentical to that 
contained in cDNA clone pCVl (2). SuCh.cDNAs are known 
to express tat and, less efficiently, riev (24). Fragments F118 
and F112 reflected splice junctions between nucleotides 287 
and 5533 and 5539, respectively. These splice acceptors, 
located 15 and 9 nucleotides upstream from the rev start 
codnn, were suitably positioned to generate processed tran- 
scripts capable of specifically expressing the rev gene while 
excluding expression of tat. Indeed, site-specific mutagene- 
sis of this acceptor region has resulted in a rev-deficient 
phenotype (25). Interestingly, the splice junction sequences 
depicted by F118 and F112 differed by three nucleotides 
from that btained by S x nuclease protecti n mapping (25); 
h wever, F118 and F112 sequences appeared to resemble 
more closely the splice junction consensus (21), predicting 
introns ending in the dinucleotide AG. Fragment F100 
reflected a splice junction between nucleotides 287 and 5555, 
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FIG. 1. Strategy and results of alternative splice acceptor detection. Line drawings represent target mRNAs: +1, cap she; O f splice donor; 

, splice acceptor. F290, F118, F112, and F100 represent DNA fragments resulting from cDNA-PCR reactions with primers A and B. The 
splice junctions contained in each fragment were determined by nucleotide sequence analysis. F290 resulted from use of an acceptor at 
nucleotide 5356; F118 used an acceptor at 5533, F112 used an acceptor at 5539, and F100 used an acceptor at 5555. Oligonucleotide C is a 
probe for a sequence common to F290, F118, F112, and F100. F285 represents a DNA fragment resulting from cDNA-PCR functions with 
primers A and D. F285 used the acceptor at nucleotide 5555. The oligonucleotide sequences used were as follows: A, 5' ACGGCAAGAG 
GCGAGGGGAGGCGACTG 3'; B, 5' CTTTGATAGAGAAACTrGATGAGTCTG 3', C, 5' CGGAGACACK:GACGAAGACCTCCTCAA 
GGC 3'; D, 5' CTTCACTCTCATTGCCACrGTCrTCTGC 3'. ~ 



identical to that contained 
, x v*. transcripts utiliangj^tft 



transcripts , (Fig 
^utilized for 



1, $2i^0)^Tte major spli^ 



% . .express the hie/ge^ ; ^previously, proposed rt^Tsplicf 



, ■ a ., /Identification of the major splice acceptor utilized for 




the use of alternative splice acceptors suitably positioned to replication, 
result in differential expression 6f ^ - native; splice events occurre 



; however, ■ , the ^ 3'^ends of the ; FUN^Xtoat$Y^^ the ;HtVrl,.repU^iye v ;c^le 9 iCEfa cuMresj were examined 

ampiification 



.'■"7-v; . ; ^ e P t0 ^ cou !<* PPtfP^'y be used to'g^ multiplicities of infection were us^{toio^ 




sfr^^^ The nucleotide sequence of Jthe *g subsequent time points Hybridiz^^ 



^ f, . r ^ TABLE 1. Nucleotide sequences of cDN A fragments arid splice acceptors 0 * * : . ' 



Fragment 


Sequence 


F290 (/c/) 


5' GGGGAGGCGACTG * AATTGGGTGTCGACATAGCAGAATAGGCGTTACTCGACAGAGGAGAGAGCAAGAAAXfiQ 

3' 


F285 (env) 


5' GGGGAGGCGACTG " GAAGAAGCGGAGAACACAGC 3' 


F118 v) 


5' GGGGAGGCGACTG "CCTTAGGCATCTCCTATGG 3' 


F112 {rev) 


5' GGGGAGGCGACTG 'GCATCTCCTAlfiG 3' 


F100 («</7env) 


5' GGGGAGGCGACTG * GAAGAAGCGGAGAC AYCGAC 3' 


Splice acceptor sequences 


YnNYAG'G 


tat 


TTTATCCATTTCAG " AA 


rev 


TTCACAACGAAAAG ' CC and AACGAAAGCCTTAG * GC 


neflenv 


ATCTCCTATGGC AG * G A 



a Portions of the nucleotide sequences of characterized cDNA fragments. The sequences of F290, F285. and F100 were obtained by using asymetric PCR to 
generate single-strand copies of the original gel-purified fragments. The sequences of F118 and F112 were obtained from plasmid clones. Splice junctions are 

indicated by Initiation codons are underlined. The intron-exon boundaries for the tat, rev, and neflenv splice acceptors are shown with the splice acceptor 

consensus (21). Y indicates pyrimidine, and N indicates any base. The intron sequences for the rev and neflenv acceptors were obtained in this study and conform 
to published lymphadenopathy-associated virus sequence (29); the intron sequence for the tat acceptor is from the literature (29). 
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splice junction sequences were detected in the cell-free viral 
preparation (data not shown). Furthermore, pretreatment of 
cells with azidothymidine failed to block consistently the 
appearance of spliced sequences at 1 h after infection (data 
not shown). Whether these spliced sequences (Fig. 2A) are 
present as free RNA or are packaged at 1 w efficiency is not 
clear. 

DISCUSSION 

The temporal use of alternate splice acceptors for viral 
RNA processing during HIV-1 replication has been ana- 
lyzed. This analysis addresses the question of whether 
gene-specific alternative splicing defines an order of viral 
gene expression. To observe closely related alternative 
splice events occurring in a small number of cells, an assay 
based upon PGR has been developed by positioning primers 
for in vitro amplification of cDNAs to encompass alternative 
splice sites. Each splice event yielded a DNA fragment of a 
specific size. Several features of this approach merit empha- 
sis. Sequences representing alternative splice events were " 
amplified by using the same primers in the same reaction and 
were hybridized with a probe that was specific for a common 
sequence (Fig. 1). Thus, it is unlikely that the different signal 
intensities for the. alternatively spliced sequences are attrib- 
utable to differential amplification or hybridization effi- 
ciencies. ^^/&,^^> > ", ' : ';" J. ^ % i; 
-••^^^^ is' complicated by -'the^use^^vj 
a> (2, 22, 23). Tlie|uM i'cif^l 

^^tfy^ [w^istrcw& 
/: u... .-. . . • lH uvi ^.oa. ^tors,'; ; ho¥reverj -the>jinten>retationv;Of- the data derived by- ^ 

^ ^ "'^ "'"^ 

The can &,expiss$^^ 

|: " J '———-^-'^-J'^ - - i^reseirt^ {[ 

1 p^ii^^ 

an additional exon encoding , v 
transcripts utilize the splice acceptor at nucleotide 5356 and r 

V exposed at -Wtr&l^k (B) cDNA-PGR reactions i 

and D. Equal amounts of the nucleic acid extracts analyzed in panel 
. A were used. Hybridization was to oligonucleotide B, and exposure 
time was 2 h. (C) Concentrations of p24 antigen in the supernatants 
of this culture. r ' 



6 




Z muldplicity of infection tissue culture infective doses per 

"".:'<■ < Cell *J *At:th«£ ihdicfltMl tifhis« !A ' n/am hnrvAetmrl - nnH .mir1»ir> oniric 



appearance of the neflenv splice junction in singly spliced 
transcripts at 12 h, followed by an increase to maximum 
intensity by 24 h. The onset of an exponential increase in p24 
antigen in the culture supernatant correlated with the ap- 
pearance of the structural env transcript (Fig. 2C). 

The splice junctions detected between 1 and 10 h after 
infection (Fig. 2A) are likely to represent sequences con- 
tained in doubly spliced RNAs. This inference is based n 
the later appearance of singly spliced sequences depicted in 
Fig. 2B. The detection f spliced sequences at 1 h after 
infecti n appeared t be due to their presence in the virus 
inoculum. Although spliced RNAs should theoretically be 
absent from the inoculum, low levels of tat, rev, and neflenv 



from translation, of a polydstionic the 
acceptor at nucleotide .5356 (Rj^^|H5^yer, a point 
mutation 5 nucleotides downstream from the splice acceptor 
contained in F118 (Fig. 1) has been shown previously t 
eliminate full-length viral RNA production and require a rev 
expression vector for complementation; SI nuclease analy- 
sis predicted a splice acceptor 3 nucleotides downstream f 
the F118 acceptor (25). It is of interest that the mutation 
causing partial rev deficiency involved an AG dinucleotide 6 
base pairs 3' of the AG reported for F118. This is the AG that 
defines the 3' end of the intron predicted by F112 (Table 1). 
Careful examination of F118/F112 band reveals that it com- 
prises a doublet of bands of similar intensity (data not 
sh wn). It is likely that both acceptors are used f r rev 
RNAs, perhaps explaining the incomplete rev deficiency 
obtained by mutati n at the m re 3 r AG alone. 

The finding that the splice acceptor at nucleotide 5555 
{neflenv) was the dominant acceptor used for singly spliced 
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transcripts (Fig. 2B) is in agreement with the reported SI 
analysis of a mutant genomic clone that xpressed only 1.8- 
and 4.3-kilobase RNA (25). The presence of amplification 
products larger than F28S indicates that acceptors further 5' 
are used as well (Fig. 2B). 

Alternative splice events have been reported in addition to 
those characterized in the present report (22. 23). The 
multitude of DN A fragments resulting from the cDN A-PCR 
analysis (Fig. 2A) also suggests that many additional 5' 
splice acceptors are used. However, the data reviewed 
above support the contention that F290 represents tat RNA, 
F118/F112 rev RNA, and F285 env RNA. However, F100 
present early after infection may not represent fully nef 
RNAs. Although it is likely that F100 signals appearing 
earlier than 24 h after infection originate from doubly spliced 
transcripts, a novel cDNA has recently been reported which 
represents a direct single splice from the 5'-most splice 
donor to the 3'-most splice acceptor in the viral genome (27). 
Such a transcript would also express nef and cannot be 
detected by the cDNA-PCR assays reported here. 

The temporal study of alternative splicing during HIV-1 
infection (Fig. 2) revealed low levels of tat (F290), rev 
(F118/F112), and neflenv (F100) splice junction sequences as 
early as 1 h after infection. These early signals representing 
spliced sequences were not sensitive to azidothymidine and 
were likely the result of residual sequences from the inocu- 
lum preparation. "At 6 to 8 h after infection, the levels of 
these spliced sequences [ began to Aincn^;j^sJ;incnrase 
mariced the onset of new of 



dominance appears to favor m/ splicing, diverting primary 
transcripts away from tat and rev expression. The viral 
genome appears to be organized such that expression of the 
essential positive regulat ry genes tat and rev is dependent 
on utilization of relatively weak splice acceptors lowed 5' 
of the more fficient neflenv splice acceptor. This arrange- 
ment may provide a mechanism for the virus to sense the 
host-cell transcriptional environment, delaying activation of 
its own positive regulatory mechanisms until this environ- 
ment is optimal for replication. 

The extension of the methods of analysis described here to 
other cells and viral isolates may reveai different alternative 
splice preferences. For example, we have found that primary 
human macrophages infected with the HTLVrin^^ strain 
of HIV-1 utilize the tat splice acceptor at nuctartide 5356 
less efficiently than CEM cells infected with (J. 
Guatelfi and J. Munis, unpublished data): Such differences 
may be 'important in understanding the characteristics of 
HIV-1 replication in different host ceil types. The present 
study serves as a base line for such comparisons. 

ACKNOWLEDGMENTS 

We thank Nanette Riggs, Sara Albani), Patricia Mullen-Ley, and 
Sandra Rasad for technical assistance, Linda Blonski and Clair 
Lynch for preparation of oligonucleotides, and Sharon Wilcox for 
preparation of the manuscript. We also thank D. Kwoh t J. Munis, 
and W. Wachsman for critical review of the manuscript. ' r v . \; 

This work was supported by Public Health Service i^te HB^ 1 
67019; AI-52578,^ 



if- 



• accumulation of, singly spliced structural genfc> (e«v) Iran- ■yjyoT Health, by the Veterans Ad^^ 
scripts ^K85)"^ccuircd an 
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An extensive analysis of HIV-d mRNA sphcing has re- - 




y dei&nite levels^ 
; detected at the cal 

@fe#ela^^^ 
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fa^switdi ^ 

^ ^j^gj^att^' 

^^^lliutar' or viral /rans-acting factors (3; 11); the rei&ive 
: amounts of alternatively spliced sequences are more likely 
detennined by cfr-acting, sequence-specific splice prefer- 
ences (6). 

A relative hierarchy of utilization of the tat, rev, and 
neflenv acceptors is apparent, however. The data clearly 
indicate that the neflenv splice acceptor is dominant com- 
pared with the acceptors for tat and rev (Fig. 2A). This 
dominance of the neflenv acceptor is seen with two distinct 
primer sets (AB and AD amplifications; Fig. 2A and B, 
respectively); this observation weighs against the possibility 
that this finding is an artifact of the amplification assay. 
Furthermore, the neflenv splice acceptor sequence seems to 
fit more closely the consensus sequence when compared 
with the tat and rev acceptors (Table 1) (21). In singly spliced 
transcripts, d minance of the neflenv acceptor would ensure 
relatively efficient downstream splicing more proximal to the 
env initiation codon. However, early after infection this 
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SUMMARY 

Plasmids were constructed whereby the expression of a reporter gene, either the 
cDNA corresponding to the secreted form of human alkaline phosphatase (SEAP) or the 
herpes simplex virus type 1 (HSV1) thymidine kinase (tk) gene, was rendered depen- 
dent upon the expression of the human immunodeficiency virus type 1 (HIV1) tat and 
rev proteins. The SEAP or tk genes were placed between HIV1 splice donor and accep- 
tor sites. One SEAP construct carried a series of alternating splice donor and acceptor 
sites. In all cases, the rev response element mapped within an intron. Despite such 
mimicry of the HIV1 genome, residual expression of the reporter gene in the absence of 
tart and rev was observed. These results, as well as non-specific T-cell recruitment, sug- 
gest limits to the specificity of using HIV-activated toxic genie expression to kill HIV- 
infected cells. 

Key-words: HIV, Protein tat, Protein re v ; Gene SEAP, Gene tk; Cytotoxicity, Reporter 
genes/Gene therapy. 



INTRODUCTION 

The regulation of expression of the human 
immunodeficiency viruses (HIV) is complex 
and depends on two virally encoded transacting 
proteins, tat and rev. Both act on RNA tertiary 
structures ; tat acts upon the transactivation res- 
ponse (TAR) element located within the R 
region of the LTR, while rev interacts with the 
rev response element (RRE) which maps to 
within the gp41 transmembrane envelope- 
coding region. 

Tat is pleiotropic but overall actes as an ampli- 
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fier of HIV transcription, binding to the TTTID 
elongation factor (Kashanchi et al, 1994). Tran- 
scription from the LTR follows T-cell activation, 
giving rise to small mRNA transcripts encoding 
tat, rev and nef yet devoid of the RRE. The newly 
synthesized tat is translocated to the nucleus 
where, through interaction with TAR, it results in 
massive amplification of proviral expression. Rev 
temporally coordinates the expression of HIV 
mRNAs. Beyond a certain threshold concentra- 
tion, rev acts upon partially or unspliced RRE- 
containing mRNA ensuring transport to the cyto- 
plasm and siibsequent translation (Feinberg et al, 

4 
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1986; Sodroski et aL, 1986; Felber et aL, 1989; 
Pavlakis et aL, 1990). 

Quite how this is achieved is not settled. 
Certainly, rev shuttles back and forth between 
the nucleus and cytoplasm via the nucleolus 
and binds specifically to a human nucleolar 
shuttle protein (Fankhauser et aL, 1991). 
Clearly rev function requires RRE (Malim et 
aL, 1989; Hadzopoulou-Cladaras et aL, 1989; 
Hammarskjold et aL, 1989; Nasoulias et aL, 
1994; Staffa et aL, 1994). What is less clear is 
to what extent other sequences, splice junctions 
(Chang and Sharp, 1989), cis-acting repressor 
sequences (CRS) located within the env gene 
upstream of the RRE (Rosen et aL, 1988 ; 
Nasoulias et aL, 1994) and others in gag are 
also necessary (Schwartz et aL, 1992). 

These two complex, yet HIV-specific 
systems, have been used to express heterolo- 
gous cytotoxic genes. Among tat-dependent 
constructs are the poliovirus 2A protein (Sun 
et aL, 1989) or ct2-interferon (Bednarik et aL, 
1989). By exploiting both the tat/TAR and 
rev/RRE elements, the diphtheria toxin A 
gene (DT-A ; Harrisson et aL, 1991) or herpes 
simplex virus thymidine kinase gene (HSV1, 
tk; Venkatesh et aL, 1990; Caruso et al, 
1992) were used to selectively kill cells 
expressing HIV1 tat and rev. Tk expression 
may be toxic for cells in the presence of 
nucleoside analogues such as acyclovir (Fur- 
man et aL, 1980). In these studies, the 
reporter/toxic genes were not flanked by 
splice sites. 

Here, plasmids were constructed in which 
the highly sensitive SEAP reporter gene or the 
HSV1 tk was placed between HIV1 splice 
donor and acceptor sites, thus mimicking the 
organization of many HIV1 ORFS. Despite 
this, a recurrent basal expression of the 
reporter genes was noted, suggesting limits to 
their use in AIDS gene therapy. 



CRS = cis-acting repressor sequence. 

HSV = herpes simplex virus. 

LTR = long terminal repeat. 

ORF = open reading frame. 

RRE = rev response element. 



MATERIALS AND METHODS 



Construction of expression vectors 

pLTR-RRE was first constructed which would 
allow subsequent subcloning of both the SEAP and 
tk reporter genes. It contains a 470-bp fragment 
encoding the HIV1 LTR upstream of a 722 bp frag- 
ment encoding the HIV1 RRE and major tat/rev 
splice acceptor (A7 ; Muesing et al, 1985 ; Schwartz 
et aL, 1990). The LTR and RRE fragments were 
amplified by PCR from pLAI2 plasmid (Peden et 
aL, 1991) with the following primers: LTR (bases 
321-790; Wain-Hobson et aL, 1985) 5'- 
GGAGGA rCCA AG A ACTGCTG AC ATCG A and 
5'CGAG7TGACTCTCTCCTTCTAGCCTCC ; 
RRE (bases 7749-8471) S'CCAGJCGACAT- 
TAGGAGTAGCACCCAC and 5 ' CTG7TAA CA- 
TTCCTTCGGGCCTGTCGG; BamHl, Sail and 
Hpal restriction sites are underlined. After purifica- 
tion on acrylamide gels, fragments were subcloned 
at the BamHl-Hpal sites of a pML-derived vector 
containing the early polyadenylation sites of SV40, 
the two fragments being ligated via the Sail site 
introduced into the PCR primers. 

The HSV1 tk gene was PCR-amplified as 
a 1300-bp fragment using primers AD3 : 5'- 
CCAGTCGA CTCCCGC ACCTCTTTG and AD4- 
5 'CGAGTCGA CGTC AT AGCGCGGGTTCCT, 
digested by Sail and inserted into the corresponding 
site of pLTR-RRE giving rise to plasmid ptk. The 
1913-bp Sall-Xhol fragment of the pBC12/ 
pL/SEAP vector (Berger et aL, 1988), which 
encodes the entire SEAP cDNA, was cloned into the 
Sail site of plasmid pLTR-RRE. This construct was 
designated pl4. Construct pl713 was derived from 
pl4 by addition at the Sail site of a fragment encod- 
ing HIV1 exon 5 including the tat/rev splice donor 
(D4) and env/vpu acceptor (A5) sites (Schwartz et 
aL, 1990) amplified from pASArev (Pedroza-Mar- 
tins et al, 1991). pl9'3 was derived from pl713 by 
deletion of the internal Hindm fragment. 



Transfection and SEAP assays 

Cells were cotransfected by SEAP plasmids, 
pSV2tat-Lai (Meyerhans et aL, 1989) and pASA- 
rev (Pedroza-Martins et aL, 1991). Human SW480 
cells were transfected by the calcium phosphate 



SDS = sodium dodecyl sulphate. 

SEAP = secreted form of alkaline phosphatase. 

SV40 = simian virus 40. 

TAR = trans activation response. 

tk = thymidine kinase. 
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method (Chen and Okayama, 1987). CEM-tat and 
HUT78-tat cells were transfected by using the 
DEAE-dextran procedure (Fujita et al, 1986). 
Sixty-hours post-transfection, culture supernatants 
were cleared by centrifugation and heated for 10 
min at 65°C to inactivate any endogenous alkaline 
phosphatase. SEAP activities were determined at 
405 nm in the linear range on 20 |il or 50 \i\ of 
supernatant as previously described (Berger et al, 
1988). 



Transfection and tk assays 

Mouse Ltk" cells were transfected by tk plas- 
mids with and without pSV2tat-Lai and pASArev 
by the calcium phosphate method. Cultures were 
grown in HAT medium for 48 h post transfection 
(Szybalska and Szybalski, 1962). Clones were 
counted after six days of selection. Some clones 
were expanded and maintained in the presence of 
12 n.M of acyclovir [9-(2-hydroxyethoxy- 
methyl)guanine] selection. Mock-transfected Ltk 
cells were maintained under identical conditions 
without acyclovir as controls. After 4 days, viable 
cells were counted. 



Isolation and Northern blot analysis of RNA 

Total cell RNA was isolated from cells at 72 h 
post-transfection by the RNAZol B (Bioprobe) pro- 
cedure (Chomczynski et al, 1987). RNA was elec- 
trophoresed in formaldehyde-agarose gel (2%), and 
transferred to "Hybond N" membrane. Blots were 
prehybridized for 2-3 h at 42°C in 20 ml of 5 X SSC, 
50 mM sodium phosphate pH6.5, 50% deionized 
formamide, 0.2% sodium dodecyl sulphate (SDS), 
5 X Denhardt solution and 100 Hg/ml denatured, 
sonicated salmon sperm DNA. Hybridization was 
performed overnight under the same conditions with 
25-50 ng of random-primed 32 P-labelled DNA 
probe. The 470-bp LTR fragment used for probing 
specific mRNA was purified on acrylamide gel. 
Blots were briefly washed 3 times in 3 X SSC, 0.1 % 
SDS at room temperature and 1 h in the same solu- 
tion at 50°C, then 1 X 30 min in 0.1 X SSC, 0.1 % 
SDS at 50°C. 



RESULTS 

Construction of HIVl-dependent SEAP and tk 
vectors 

The reporter genes (SEAP or tk) were first 
cloned 3' to the HIV1 LTR and major splice 
donor sequence (Dl), yet 5' to a 722-bp fragment 



encompassing the HIV1 RRE and major 
tat/rev/nef splice acceptor site (A7, fig. 1). Plas- 
mid pl713 represents a more complicated con- 
struction with alternating splice donor and accep- 
tor sites, i.e. (Dl, A5, D4, A7) due to the 
introduction of a fragment encoding the vpu/env 
acceptor sequence (A5) and the tat/rev splice 
donor (D4). Thus, there is the possibility of creat- 
ing multiply spliced mRNAs typical of most 
early HIV1 transcripts. Plasmid pi 9' 3 differed 
from pl713 by deletion of an internal HinxHH site 
which eliminated the Dl splice site (fig. 1). 

Expression of reporter plasmids expressing 
SEAP 

Reporter gene expression was examined in tran- 
sient expression assays by calcium phosphate- 
mediated transfection of SW480 colon carcinoma 
cells. Each of the three constructs was co trans- 
fected with and without HTV1 tat (pSV2tat) or rev 
(pASArev) plasmids. In all cases, SEAP expres- 
sion was increased ~ 6-10-fold by coexpression 
with tat, which was further augmented - 2-3-fold 
when rev was added (fig. 2). The basal activity of 
SEAP was significantly positive relative to con- 
trols (ptk-transfected cells), Le. the 2-10% of a tat- 
specific response and 1-5% of a tat -f rev-specific 
response. Stably expressing tat derivatives of the 
HUT78 and CEM (HUT78-tat and CEM-tat 
kindly provided by Dr. Jon Karn) were transfected 
with pl9'3 ± pASArev plasmid. The effect of add- 
ing rev was approximately two-fold (fig. 3). 

Expression of the reporter plasmid express- 
ing tk 

To determine whether the SEAP gene itself 
was somehow responsible for the basal level of 
expression, a plasmid analogous, to pi 4, yet 
expressing the HSV1 tk gene, was constructed 
(denoted ptk, fig. 1). Mouse Ltk" cells were 
cotransfectqd by ptk with or without tat and rev. 
Forty-eight hours post transfection, cells were 
selected in HAT medium (Szybalska and Szy- 
balski, 1962). Between 20-30 HAT-resistant 
clones were obtained per 10 6 cells in the 
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Fig. 1. Tk and SEAP expression plasmids used in expression assays. 

The HIV1 LTR includes the enhancer, promoter and the tat responsive element TAR. The env 
fragment containing RRE region was inserted downstream to the reporter gene. All plasmids 
included the SV40 polyadenylation signal. In tk and SEAP (pl4; p!713) plasmids, the major splice 
donor site (SD) was introduced before the reporter gene. HIV1 exon 7 with its splice sites was intro- 
duced 5' to the SEAP gene, giving rise to plasmid pl713. Plasmid pl9'3 was derived from pl713 
after deletion of the internal fragment HindHl containing the major splice donor site. Exons expected 
were designated according to Schwartz et al. (1990). 



absence of tat and rev, while 100-120 clones 
were obtained when ptk was cotransfected with 
both tat and rev expressing plasmids. Tk + clones 
derived in the absence of tat + rev, as well as a 
line derived from the ensemble of clones, were 
tested for acyclovir-mediated cytotoxicity. A 30- 
50% reduction in the number of viable cells was 
noted after four-day treatment with 12 \iM of 
acyclovir, a concentration devoid of non-spe- 
cific toxic effects in untransfected cells. 



mRNA expression 



and 193), no specific mRNAs were detected in 
the absence of tat even though basal levels of 
SEAP activity could be detected by functional 
assays. In the presence of tat, unspliced and 
spliced RNAs of predicted sizes were detected 
after transfection. Spliced mRNA of pl9'3 was ~ 
100 nucleotides smaller than the spliced pl4 
mRNA, while two small mRNAs were detected 
for p 17 13. In the presence of rev, the proportion 
of spliced mRNA decreased while the SEAP 
activity increased two-fold. For the ptk construct, 
the results were qualitatively similar.. 



The modulation of mRNA expression from 
SEAP and tk reporter plasmids by tat and rev was 
examined in transient expression assays in human 
SW480 cells by analysis of total mRNA (fig. 4). 
For the three SEAP constructions (pl4, pl713 



> DISCUSSION 

Tat- and rev-dependent expression vectors are 
described in which the SEAP or tk reporter gene 
was placed within an intron, thus reflecting the 
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CEM-tat HUT78-tat 

Fig. 3. Rev-dependent SEAP activity in stably transfected 
tat cell lines. 

CEM tat and HUT78 tat cells were transfected by 
pl9'3 + pASArev using the DEAE-dextran procedure. 
SEAP analyses were made at 24 h because SEAP secre- 
tion was very inefficient in these cell lines. The results 
represent the averages of three experiments. 




Fig. 2. Time course of SEAP expression (OD 405 nm) as 
a function of transactivation by tat and rev. 

Human SW480 cells were cotransfected with plasmids 
SEAP (5 u.g), pSV2 tat Lai (1 u\g) (Meyerhans et al, 
1989) and ± pASArev (3 ug) (Pedroza et aU 1991) by the 
calcium phosphate method. SEAP production was moni- 
tored 60 h later in the supernatant as previously described 
(Berger et al, 1988). . 

A, basal SEAP expression; B, with pSV2 tat; C, with 
pSV2tat + pASArev; • pl9'3, A pl713, ■ pl4, 
Optk. 



structure of all rev-dependent mRN As. The order 
or complexity of splice sites (Dl, gene, A7; Dl, 
D4, gene, A7 ; D4, gene, A7) only slightly 
changed the effect of tat + rev (figs. 1-4). That 
the tat/rev 3' acceptor splice site (A7) was 
recently reported to be rather inefficiendy spliced, 
may help explain why the mRNA was only par- 
tially spliced (Staffa et al, 1994). 

HIV-regulated expression of a HSV1 tk gene 
vector has been proposed to target drug-depen- 



dent toxicity to HIV-infected cells (Venkatesh et 
al, 1990; Caruso et al, 1992), however, their 
attempt to impose rev control was unsuccessful. 
Other investigators have described the targeting 
of the diphtheria toxin to HIV-infected cells (Har- 
rison et al, 1991) with tat and rev dependence. 
Basal expression, while not zero, was reduced by 
the inclusion of negative regulatory (CRS) 
sequences from the env gene in the 3' untrans- 
lated region of their reporter gene (Harrison et 
al, 1991). In these three studies, the repor- 
ter/toxic gene was not surrounded by splice donor 
and acceptor sites which should eliminate the 
gene in the absence of tat and rev. Thus, even 
when the reporter/toxic gene is properly flanked 
by HIV1 splice donor and acceptor sites in addi- 
tion to the TAR and RRE sequences, a residual 
expression from the HIV1 LTR persisted. The 
same findings were made from experiments on 
both human and mouse cells, or with transiendy 
or stably transfected cells. 

Human T cells are activated by MHC class II 
antigen presentation, superantigens'and cocktails 
of cytokines (Unutmaz et al, 1994). The latter is 
particularly important as the number of activated 
T cells within a lymph node is out of all propor- 
tion to the number of antigen-specific T cells 
(Doherty et al, 1994). Thus antigen-specific 
recruitment results in non-specific T-cell activa- 
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Fig. 4. Northern blot analysis of SEAP- and tk-related transcripts. 
SW480 cells were cotransfected with plasmids SEAP and tk (5 u,g) and vectors expressing tat 
(1 \lg) or rev (3 \ig) as described in figure 2 legend; 20 |ig samples of total RNA were analysed by 
agarose gel electrophoresis and hybridized to random-primed ^P-labelled DNA probe LTR The 
lengths of RNA was estimated relative to 28S (4.5 kb) and 18S (1.8 kb) RNA markers. Position of 
unspliced and spliced RNA are indicated. 



tion. The HIV LTR is sensitive to T-cell antigen- 
dependent and independent activation or treat- 
ment with certain cytokines (Tong-Starksen et al, 
1987; Nabel et al, 1988; Brinchmann et al, 
1992; Janofif et al, 1993 ; Wallis et al, 1993). In 
addition, a number of viral regulatory proteins 
such as adenovirus E1A, cytomegalovirus ICPO 
and the HTLV tax protein (Mosca et al, 1987; 
Davies et al, 1987; Ostrove et al, 1987; Rice et 
al, 1988) are capable of trans-activating the 
HIV1 LTR. Thus in the context of HlV-depen- 
dent toxic gene therapy, non-specific activation of 
T cells by the immunological milieu (Unutmaz et 
al, 1994; Doherty et al, 1994) or other viral 
coinfections along with residual expression from 
the HIV1 LTR would probably result in a large 
number of non-infected T cells being killed. 
Therefore, the effectiveness of a reagent requiring 
tat and rev may be called into question. It is pos- 
sible that, in late stage disease, when cellular 
immunity is waning, HIV-dependent toxic gene 



therapy may be of some use. However, during the 
long clinically asymptomatic phase, there would 
appear to be certain limitations to their use. 
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Expression residuelle de genes rapporteurs dans 
des constructions mimant I'organisation du 
> genome du VIH 

Nous avons construit des plasrriides porteurs de 
genes rapporteurs, soit l'ADNc correspondant a la 
phosphatase alcaline humaine sous sa forme secr6t6e 
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(SEAP), soit le gene codant pour la thymidine- 
kinase (tk) du virus herpes simplex type 1 (HSV1) 
dont Texpression est sous la d£pendance des 
prolines tat et rev du virus de rimmunod^ficience 
humaine de type 1 (VIH1). 

Les genes SEAP et tk sont places entre les sites 
donneurs et accepteurs d'6pissage du virus VIH1. 
Dans un plasmide, le g&ne SEAP est place" entre des 
sites d'epissage donneurs et accepteurs alternatifs. 
Dans toutes les constructions, Fel6ment de reponse h 
la proline rev (RRE) est introduit dans un intron. 
Malgre* une telle organisation mimant celle du 
genome du VIH, une expression r^siduelle des genes 
rapporteurs en 1' absence des prot6ines tat et rev est 
observee. Ces r^sultats, ainsi que le recrutement non 
sp6cifique des cellules T, montrent les limites de 
l'utilisation d'un gene toxique dont l'expression est 
activee par les prot6ines de regulation du VIH pour 
detruire les cellules qu'il infecte. 

Mots-cles: VIH, Prot&ne tat, Proline rev, Gene 
SEAP, Gene tk; Cytotoxicit6, Genes rapporteurs, 
Therapie g6nique. 
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SUMMARY 

Visna virus is the prototype lentivirus, with a genome structure similar to that of the 
human immunodeficiency viruses HIV-1 and HIV-2. We have analysed in vitro the 
transcription pattern of this virus in lytic infections of choroid plexus cells. Northern 
blot analysis shows the presence of spliced subgenomic mRNA species of 4-9, 4*3, 4-0, 
1 -7 and 1 -4 kb. Use of appropriate subgenomic probes shows that the first three of these 
species encode envelope protein (but also potentially the small open reading frames Q 
and S). The 1 7 kb RN A could contain S. In order to elucidate the translational coding 
potential of the smallest RNA, and to characterize further all the transcripts, SI 
mapping was performed across those parts of the genome which were close to 
exon/intron boundaries. This allowed the definition of acceptor splice sites following 
both introns 1 and 2 as well as donor sites preceding intron 2. The data suggest that the 
1 -4 kb RNA encodes a protein derived from the F reading frame that may form part of 
a precursor protein and also contains sequences with some degree of homology to the 
rev (trs/art) protein of HIV, as well as a typical protease cleavage site between these 
sequences and the F protein. 

INTRODUCTION 

Visna-maedi virus is the prototype virus of the Lentivirinae, a subfamily of the Retroviridae 
which includes the human immunodeficiency viruses HIV-1 and HIV-2, equine infectious 
anaemia virus, caprine arthritis-encephalitis virus and a number of more recently discovered 
viruses of primates, and domestic and farm animals (reviewed in Haase, 1986). The 
pathogenesis of the virus-induced diseases is typified by long incubation periods and slow 
progressive symptomatologies, with death occurring many months or years after infection. In 
contrast when these viruses are grown in permissive cells in tissue culture the virus multiplies in 
a comparatively rapid manner leading to cell death within days or weeks. In the case of visna 
virus it is clear that restriction of viral transcription and translation exists in vivo, but that this 
does not occur in vitro ; cells containing small numbers of viral transcripts but expressing no 
detectable quantities of viral antigens are found in the animal, but such cells have not been 
reported in infections in vitro (Brahic et al. 9 1981; Gendelman et ai, 1985). 

The lentiviruses are distinguished from other retroviruses by several features of their genome 
structure including the presence of severa^small open reading frames (ORFs) in addition to the 
three structural genes^ag, pol and env which are characteristic of the retroviruses (Fig. 1). The 
functions of these ORFs have been most fully characterized for HIV-1. Transcriptional 
mapping of this virus has shown that at least two of these reading frames encode specific RNA 
products in tissue culture (reviewed in Chen, 1986). One of these, tat III, encodes a protein 
essential for efficient replication of the virus which acts both at transcriptional and translational 
levels (Peterlin et at., 1986; Rosen et al., 1986). The second ORF, rev (also called trs or art), 
encodes a protein which regulates the production or utilization of the longer viral transcripts, 
although the mode of action of this protein is not yet fully understood (Femberg et ai y 1986; 
Sodroski et al, 1986). Mutational analyses of HIV have shown that a third ORF (vif) is also 
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required for the production of fully infectious virus in vitro (Fisher et al. y 1987). At least three 
more ORFs are evolutionarily conserved and encode proteins capable of eliciting antibody 
responses in infected individuals but no function has yet been described for these. 

To understand the slow progression of lenti virus-induced diseases requires knowledge of how 
transcription and expression of viral protein are. regulated both in lytic infections in tissue 
culture and in the restricted type of infection observed as the predominant infection in vivo. In 
lytic infections of choroid plexus fibroblasts, a complex set of visna virus transcripts has been 
described (Davis et al, 1987 ; Vigne et ai y 1987). These studies showed that visna virus produces, 
in addition to an unspliced genomic transcript encoding gag and pol gene products, three spliced 
transcripts encoding env and two smaller messages which are probably doubly spliced. The 
splice donor junction of the first intron has already been mapped, as have some acceptor sites of 
this intron (Davis et al, 1987; Vigne et al, 1987). Here we confirm and extend these reports by 
using SI nuclease mapping to assign all the major splice junctions of the second intron, and to 
investigate the major splice acceptor sites of the first intron. This has confirmed the utilization 
of a tat ///-like ORF (designated S by Sonigo etal, 1985), and the presence of a second intron, 
and has also suggested the presence of a revhkc protein produced as a part of a polyprotein from 
the F reading frame. 
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METHODS 

Viruses arid celt culture. Visna virus strain 1514 was grown in ovine choroid plexus cells (Weybridge cell line, 
WSCP) between passages 15 and 30. For maintenance of virus stocks infections of low multiplicity were used. 
Tissue culture media [Dulbecco's MEM (DMEM) containing 1 % foetal calf serum] were harvested for use as a 
source of virus at various times after infection. For experimental infections, an m.o.i. of approx. 0*1 was used (as 
judged by titration of the virus in a c.p.e. assay). Supernatants containing virus were clarified by centrifugation 
(10000 g for 15 min) and incubated with cell monolayers for 1 h at 4 °C followed by 1 h at 37 °C. The monolayers 
were extensively washed in Hanks' buffered saline solution (HBSS) prior to incubation in DMEM containing 1% 
foetal calf serum for 72 h or as stated in the figure legends. In general, 2 x 10 8 cells were used as a source of RNA. 

RNA preparation and blots. RNA was prepared by a modification of the guanidinium thiocyanate method 
(Sargan et al., 1986). For Northern blotting analysis, 5 or 10 ug samples of the RNA were fractionated by 
electrophoresis on 1 or 1*2% agarose gels containing 2-2 M-formaldehyde (6*7% v/v) and 20 mM-sodium phosphate 
pH 7-0. Capillary blotting, hybridization and wash conditions have been described (Sargan et al., 1986). 

Probe preparation and labelling. A DN A clone of the long Sad fragment (8*5 kb) of visna virus strain 15 14 was a 
kind gift of Dr J. E. Clements (Molineaux & Clements, 1983). This was used as a source of restriction fragments 
from which subclones of the viral genome were derived (see Fig. 1 and legends to other figures). Some of the 
fragments were purified by two electrophoretic separations through agarose gels and used directly to produce 
probes. For Northern blots, probe fragments were 32 P-labelled by oligonucleotide-directed labelling (Feinberg & 
Vogelstein, 1983) to a specific activity of > 3 x 10 8 c.p.m./ug. Probes for SI nuclease analysis were synthesized by 
y end labelling of appropriate restriction fragments using the Klenow fragment of DN A polymerase I in a 'fill-in' 
reaction with [oc- 32 P]dNTPs or by 5' end labelling using T4 polynucleotide kinase and [y- 32 P]ATP. Specific 
activities obtained were approx. 5 x 10 s c.p.m./ug. 

Hybridizations and SI nuclease analysis. Hybridization conditions for SI mapping were according to the method 
of Favaloro et al. (1 980), In most cases 20 000 c.p.m. of end-labelled probe were ethanol-precipitated with 1 5 ug of 
total RNA from visna virus-infected WSCP cells. Samples were redissolved in 30 ul of hybridization buffer (80% 
formamide, 0-4 M-NaCl, 1 mM-EDTA, 10 mM-PIPES pH 6-4) and denatured by heating to 85 °C for 10 min, prior 
to hybridization for 16 h at 49 °C, or 39 °C for shorter probes. Fifteen microlitres of sample was then diluted into 
each of two 300 ul volumes of SI digestion buffer (0*28 M-NaCl, 0-05 M-sodium acetate pH 5*0, 4*5 mM-ZnSO*, 
10 ug/ml denatured sheared calf thymus DNA, 10 ug/ml native sheared calf thymus DNA). One of the aliquots 
contained SI nuclease (1000 units except where stated). Both samples were incubated for 30 min at 30 °C. 
Digestions were stopped by adding 100 ul of 25 mM-EDTA, 50 mM-Tris-HCl pH8*0, containing 10 ug yeast 
RNA. Samples were extracted withphenol-^chloroform, precipitated with ethanol and analysed by electrophoresis 
on polyacrylamide gels containing 8*3 M-urea. 

RESULTS 

Northern blot analysis of visna virus transcription 
Infection of choroid plexus cells by visna virus (strain 1514) at an m.o.i. of approx. 0*1 
produces c.p.e. beginning at 72 h post-infection (pi.). At this time, the cells were lysed and total 
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RNA preparations were made. Analysis of viral transcripts by Northern blotting, using a series 
of subgenomic viral probes (Fig. 1), showed that the virus produces a complex series of 
transcripts, including a full-length genomic transcript and five major spliced transcripts; the 
latter form two related groups. The first group comprising the three largest (4-9 kb, 4-3 kb and 
4 0 kb) do not hybridize to gag and pol gene sequences (probes 1 to 3), but do hybridize to env and 
regions 3' of env, suggesting that they contain only a single intron. In addition, the 4-9 kb and 
4-3 kb species hybridize to probes extending 5' to env and into the S ORF (Sonigo et ah, 1985). 
Although there is hybridization to a number of subgenomic species in the region of ORF Q, the 
hybridization pattern is less well defined than with the other probes and no predominant species 
are seen. 

The two smaller RNAs (1-7 and 1-4 kb) showed a more complex pattern, hybridizing to 
sequences in the middle of the genome and at each end, but not to gag, pol or the central regions 
of the env gene. Initial analysis of these transcripts revealed probes specific for the S reading 
frame (probe 5) and a probe which overlapped S and env (probe 6); only the latter hybridized to 
the 1*4 kb RNA. The 1*7 kb RNA could therefore contain the short ORF S, whereas the 1-4 kb 
RNA could contain the short ORF T (Vigne et al., 1987) and sequences in the 5' region of env. In 
addition both transcripts hybridize to probes 9 and 10, and could contain the F ORF. No 
significant differences were seen when polyadenylated RNA was used instead of total RNA 
(data not shown). The transcripts detected are summarized in Fig. 8. These data were in close 
agreement with the published studies of Davis et al. (1987) and of Vigne et al (1987). 

Splicing pattern of the virus: SI mapping 
To map the coding capacity of the spliced transcripts fully, the intron/exon boundaries of 
transcripts were determined by SI mapping. 

Donor sites of the second intron 

Two different end-labelled probes were used to determine donor sites in the region of the 5' 
end of env. SI nuclease protection by infected cell RNA revealed a major donor site at the 
apparent nucleotide (nt) position of 5982 ± 2 (using the numbering of Sonigo et al, 1985) (Fig. 
2a, c). This is close to a consensus splice donor sequence (Mount, 1982) at nt 5971. The likely 
reason for the discrepancy between the apparent position of this site and the position of the 
consensus element is seen by considering the sequence of the second major intron acceptor site. 
The sequence of the spliced transcript following this acceptor matched that of the probe at seven 
of 1 1 positions after the putative donor site, and therefore may have afforded protection across 
these extra residues. The protected fragment seen in this and all the subsequent analyses 
reported here was found only when infected cell RNA was used, and not with mock-infected cell 
RNA. When the probe used was labelled at nt position 5480, this was the only protection seen, 
whereas with the probe labelled at the Hpall site at nt 5904 a second protected band was seen, 
corresponding to an end of protection at nt 6097 (Fig. 2b). Although this signal is weaker, it is 
seen easily if the hybridization temperature is raised to prevent stable hybridization of the short 
region nt 5904 to nt 5971. Again a good fit to consensus donor sequences is found at nt 6097. In 
addition several minor protections are seen upstream of nt 61 50. Consensus splice donor sites at 
nt 6159 and 6198 may give rise to minor splicing variants. 

Major acceptor site of the second intron 

Probes to map the major acceptor site at the end of the second intron were produced by 
labelling the Hindlll site at nt position 8643 using T4 polynucleotide kinase. Using the same 
RNA preparations, a major protected species of about 123 bases is found (Fig. 3). A consensus 
acceptor element at nt 8529 is in good agreement with the likely splice junction. The use of this 
splice acceptor in connection with the donor junction mapped at nt 5971 would lead to the 
utilization of a long ORF prior to, but in frame with, the methionine codon at nt 8691, which is 
the first methionine encoded within ORF F (Sonigo et al., 1985). This reading frame would be 
initiated by a methionine codon upstream of the second intron (that also used by em)) and has 
some sequence similarity to the rev gene of HIV-t (see Fig. 4). The use of the splice donor site at 
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nt 6097 in combination with this site is not likely to allow the production of any protek .product 
from the pre-F ORF, because the methionine that opens ORF T is not in register with this O^f- 
IUrnoTable that immediately before the methionine codon at nt 8691 (amino acid position 60 in 
Fig "TthereTa "quence similar to the consensus sequence for retroviral 
noted by Pear & Taylor (1987). It is possible that in visna virus, F protein and a re^Hke protein 
are produced as a polyprotein and subsequently cleaved. 
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Fig. 3. SI nuclease mapping. Major acceptor site 
of the second intron. Probe g (nt 7974 to 8643) was 
labelled at nt 8643 using polynucleotide kinase. 
The major apparent protection ends at nt 8529. 
Marker sizes are shown. RNAs from visna- 
infected (I) and mock-infected (MI) cells and SI 
concentrations are indicated as in Fig. 2. 

Acceptor sites of the first intron 

We looked for acceptor sites 5' to the S and env ORFs using appropriate probes (Fig. 5). 
Fragments strongly protected by infected cell RNA from SI nuclease had sizes corresponding to 
acceptor sites at nt positions 5590, 5954 and 6019. The first of these was barely visible when a 
probe labelled at nt 6394 was used (Fig. 5 a, solid arrow on figure), but was more prominent with 
a probe labelled at nt 5904 (Fig. 5b\ suggesting that many processed transcripts using the nt 
5590 acceptor site are often further spliced to remove sequences including nt 6394. These 
positions were in good agreement with consensus acceptor sequences, and were in suitable 
positions to correspond to the spliced env containing messages of 4*3 and 4 0 kb respectively. The 
first site might also be used by doubly spliced messages encoding S and the pre-F transcripts and 
the second could encode pre-F alone. It is notable that the third site, when used in conjunction 
with the donor site at nt 6097, closely brackets the short T ORF. 

We further looked for acceptor sites 5' to ORF Q (Fig. 5 c). In agreement with Davis et at, 
(1987), we found several protected fragment sizes in this region, with no outstandingly strong 
protections. Of the many protected fragments seen, the strongest corresponded to putative splice 
acceptors at nt positions 4726, 4776, 4846 and 5006. All of these positions are close to consensus 
splice acceptor sequences (nt 4728, 4778, 4842 and 4992), though that at nt 4992 is not preceded 
by a pyrimidine-rich sequence. One of these sites (at nt 4842) has also been identified by Vigne et 
al. (1987). In that report, the short probe used makes it unlikely that the surrounding sites would 
have been seen. In Northern blotting, no distinct bands had been seen when ORF Q-containing 
sequences were used as a probe. We therefore believe that there is no strong preference in the 
selection of the splice acceptor in transcripts encoding Q, but that all possible consensus 
elements are used. 

Other minor splice sites * 

A search for other protections indicative of other possible splice sites was undertaken using 
longer end-labelled probes. This revealed two minor protections, corresponding to splice 



8000 

env 




— • Probe 
i— • Protected 



Transcriptional map of visna virus 2001 

( fl ) Sd Sa ^ 7fl 

W 10 20 30 

T T ▼ 

Visna MASKESLQASKADQ I YTGNSGDRSTGG I GG- 

i i i i 

HIV MAGRSGOX 3 q " " 

40 50 

T ▼ 

Visna KTKKKR GWY KWL RNLRARE KN I PSQFYPD.. 
... 1 1 I • • 1 1 

HIV RNRRRR WRERQRQ I HS I SER I - 

▲ ▲ 

40 50 



e mapping. Major acceptor site 
•n. Probe g (nt 7974 to 8643) was 
3 using polynucleotide kinase. 
;nt protection ends at nt 8529. 
: shown. RNAs from visna- 
lock-infected (MI) cells and SI 
a indicated as in Fig. 2. 



appropriate probes (Fig. 5). 
se had sizes corresponding to 
:se was barely visible when a 
3ut was more prominent with 
:ssed transcripts using the nt 
es including nt 6394. These 
lences, and were in suitable 
* and 4*0 kb respectively. The 
and the pre-F transcripts and 
te, when used in conjunction 

agreement with Davis et at 
with no outstandingly strong 
•rresponded to putative splice 
sitions are close to consensus 
lat at nt 4992 is not preceded 
so been identified by Vigne et 
t the surrounding sites would 
een when ORF Q-containing 
s no strong preference in the 

that all possible consensus 



e sites was undertaken using 
ns, corresponding to splice 



(b) 

Visna 
EIAV 

AKv-MuLV 

FeLV 

Fe-SV 

Fr-SFFV 

MoMuLV 

SSV 

RSV 

HIV-1 
HIV-2 



FYP 



EE 
AL 
SL 
SL 
AL 
SL 
PPI 



TLNF 



YP 
YP 
YP 
YP 
YP 
YP 
YP 



LNLP 



Of M 

AL 
AL 
VL 
AL 
AL 
AT 



ret>/F 



p\5/p\2. gag 



P L R RT/enuc./w/ 



IS 
VA 



Prt/RT./w/ 



Fig. 4. (a) Comparison of the putative pre-F gene product 
with the rev (trsjart) protein of HIV. The translation product 
produced if the donor splice site (sd) at nt position 5971 is 
utilized in conjunction with the acceptor site (sa) at nt 8521 
has been aligned with the rev protein of HIV. Areas of 
sequence similarity are shown. The comparison terminates 
at the methionine residue which opens the visna virus 
ORF F (Sonigo et ai, 1985). (b) Retroviral protease sub- 
strates within gag and pol genes (from Pear & Taylor, 1987) 
are compared with the putative protease site of visna virus 
pre-F (labelled here rev/F). Sequences are from equine 
infectious anaemia virus (EIAV), AKV murine leukaemia 
virus (AKv-MuLV), feline leukaemia virus (FeLV), feline 
sarcoma virus (FeSV), Friend spleen focus-forming virus 
(Fr-SFFV), Moloney murine leukaemia virus (MoMuLV), 
simian sarcoma virus (SSV), Rous sarcoma virus (RSV), 
HIV-1 and HIV-2. RT/enuc and Prt/RT are reverse 
transcriptase/endonuclease and protease/reverse transcript- 
ase proteolytic cleavage sites. 



acceptor sites at positions close to nt 7250 and 7660 (Fig. 6). Consensus acceptor sites exist at nt 
7249 and 7655, but the significance of the use of these sites is not clear, as neither is followed by 
any long ORF (other than that of env). 

Assignment of splice sites for the 1-4 and 1-7 kb mRNAs 
To elucidate further the splicing pattern of 1*7 and 1-4 kb transcripts close to the start of the 
env gene, probes spanning the region nt 5904 to 6008 and nt 6008 to 6394 were prepared. Both 
probes hybridized to the 1*7 kb transcript (Fig. 7), suggesting that it is formed through splicing 
at the donor site at nt 6097 (although some transcripts may use instead the site at nt 5971). 
Hybridization of the 1-4 kb transcript to the nt 5904 to 6008 probe could not be detected 
although the probe further downstream does hybridize. This suggests that the majority of these 
transcripts also use the donor site at nt 6097. It is unlikely that transcripts containing only 
sequences from nt 5954 to 597 1 would be detected in our blots, but it is clear that the majority of 
the 1-4 kb transcript does not contain second exon sequences 5' to nt 5954. It must therefore use 
the acceptor sites at nt 5954 or 6019. The RNA preparation used in this experiment contained 
lower concentrations of e«t?-containing messages than that used in Fig. 1 . We have subsequently 
found that this is characteristic of earlier stages of infection (unpublished 'data). 
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Fig. 6. SI nuclease mapping data showing minor acceptor sites in the second intron. Probe f (nt 5967 to 
7974) was labelled at position 7974 with T4 polynucleotide kinase. The protected species seen end at nt 
positions 7259 and 7655. RNAs from visna-infected (I) or mock-infected (MI) cells are in lanes 
indicated in the figure. Marker sizes are shown on the left. 
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DISCUSSION \ 

The genome structure of visna-maedi virus is similar to that of other members of the * 
lenti virus group in that there are a number of small ORFs that may be utilized to produce small 
proteins with regulatory or other functions (Sonigo et al, 1985; Braun et al., 1987). The virus 
produces a diffusible factor capable of trans-activation of its autologous promoter (Hess et al., • 
1985). Sequence homologies with the tat protein of HIV suggest that this factor may be encoded 
by ORF S. In addition a second short ORF of HIV, known as rev, trs or art, controls splicing or 
export from the nucleus of transcripts in such a way that the ratio of spliced to unspliced 
transcripts is decreased in the absence of this protein (Feinberg etal., 1986; Sadaie et al., 1988). * 
No ORF homologous to trs has previously been reported in visna virus. However it has been 
reported that spliced transcripts are produced early during visna virus infection, whereas 
unspliced transcripts are present only at later times (Vigne et al., 1987; D. R. Sargan & R. G. & 
Dalziel, unpublished results) although Davis et al. (1987) present conflicting results. 

The transcripts produced by visna virus in choroid plexus cells exhibit a complex splicing 
pattern, in which either no introns or one or two may be removed. From the data presented here 
and summarized in Fig. 8, it is clear that ORF S may be contained in the doubly spliced * 
transcript of 1-7 kb, using a splice acceptor site at nt position 5590; such a transcript would 
include a termination codon in the first coding exon, and so would be unlikely to utilize ORFs in 
the last exon. The other abundant doubly spliced RN A includes a short central exon attached to A 
an ORF encoding a pre-F protein. The first 51 amino acids of the final exon of this ORF show 
limited similarity to the rev protein of HIV (particularly in two groups of very basic residues after 
nt positions 25 and 44 of this exon). They are immediately followed by a sequence with homology 
to known proteolytic cleavage sites of retroviral protease substrates, followed by the sequences ft 
previously referred to as ORF F. 

Other authors have reported the sequences used by visna virus as the donor splicing site and 
the extreme 5' acceptor sites of the first intron. Here we have looked for other major splice ft 
junctions used by the virus. We cannot rule out the possibility that we have overlooked some 
junctions used in this infection type and it is also possible that a different pattern o&transcripts is 
found in vivo. It is not clear how the choice of splice junction elements used by the virus occurs. 
All the splice sites found show reasonable fits to published consensus sequences (Fig. 9; Mount, *• 
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1982) Preliminary experiments to measure the size of exons used in the central regions of the 
visna virus genome have suggested that either of the last two acceptor sites of the first intron may 
be used with the second exon donor site at nt 6097. However, transcripts in which the acceptor 
site used is upstream of nt 5480 use the donor site at nt 5971 preferentially (Fig. 2a and data not 
shown) Previous reports and our own unpublished observations suggest that the proportions ot 
spliced and unspliced transcripts vary with time after infection in lytic visna virus infections. In 
HIV the rev gene product acts in the nucleus and has a role in regulating the level of spliced 
transcripts found in the cytoplasm (Cullen et aL, 1988; Sadaie et al 1988). The control of the 
concentration of spliced transcripts in visna virus is not at the level of RN A stability of spliced 
versus unspliced transcripts (D. R. Sargan, unpublished results), and therefore may occur by a 
mechanism similar to that utilized by HIV. 

Note added in proof. After this work was completed, Mazarin et al. (1988; Journal of Virology 62, 4813-4818) 
reported a visna virus cDNA clone encoding a retake protein which they have termed vpel . 

We would like to thank Drs J. E. Clements and O. Narayan for the visna virus 1514 DNA clone used as a basis 
for these studies. We also thank many colleagues for helpful discussions. The work was supported by a Project 
Development Award from the Wellcome Trust 
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ABSTRACT 

We have successfully generated and characterized a stable packaging cell line for HTV-l-based vectors. To al- 
low safe production of vector, a minimal packaging construct carrying only the coding sequences of the HIV- 
1 gag-pol, tat, and rev genes was stably introduced into 293G cells under the control of a Tet° minimal pro- 
moter. 293G cells express the chimeric Tet R /VP16 fra/w-activator and contain a tetracycline-regulated vesicular 
stomatitis virus protein G (VSV-G) envelope gene. When the cells were grown in the presence of tetracycline 
the expression of both HIV-1-derived and VSV-derived packaging functions was suppressed. On induction, 
approximately 50 ng/ml/24 hr of Gag p24 equivalent of vector was obtained. After introduction of the trans- 
fer vector by serial infection, vector could be collected for several days with a transduction efficiency similar 
or superior to that of vector produced by transient transfection both for dividing and growth-arrested cells. 
The vector could be effectively concentrated to titers reaching 10 9 transducing units/ml and allowed for effi- 
cient delivery and stable expression of a GFP transgene in the mouse brain. The packaging cell line and all 
vector producer clones described here were shown to be free from replication-competent recombinants, and 
from recombinants between packaging and vector constructs that transfer the viral gag-pol genes. The pack- 
aging cell line and the assays developed will advance lentiviral vectors toward the stringent requirements of 
clinical applications. 



OVERVIEW SUMMARY 

The production of lentiviral vectors poses significant chal- 
lenges due to the hybrid nature of the vectors, the com- 
plexity of the lentiviral genome, and the toxicity of several 
components of the vector particle. Accordingly, lentiviral 
vectors have been produced until now by transient co- 
transfection of the required constructs, an approach hardly 
amenable to the stringent characterization and scale-up re- 
quired for clinical applications. Here we report the suc- 
cessful development and characterization of a stable in- 
ducible packaging cell line for HIV-l-derived lentiviral 
vectors. To allow safe and efficient production of vector we 
used a minimal set of HIV-derived genetic information and 
a tetracycline-dependent system to control expression of 
packaging and envelope functions. We selected clones with 



undetectable basal expression and efficient release of vec- 
tor particles on induction. By serial infection of the trans- 
fer construct, producer clones could be obtained that 
yielded vectors with titer, infectivity, and performance 
matching those of vector obtained by transient transfection. 
In addition, these vectors allowed for efficient delivery and 
stable transgene expression in the mouse brain. We also de- 
veloped sensitive assays for replication-competent recombi- 
nants and replication-defective recombinants transferring 
viral packaging functions. The packaging cell line described 
here and all vector producer clones derived from it were 
shown to be free from either type of recombinant. The 
scaleable and safe vector production allowed by this new 
packaging cell line, and the assays developed for its char- 
acterization, should advance the applications of lentiviral 
vectors for gen& therapy. 
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INTRODUCTION 



T enti viral vectors are replication-defective, hybrid viral 
A-/part.cles consisting of the core proteins and enzymes of a 
lentivirus and the envelope of a different virus. They transduce 
several types of cells and tissues independent of cell division 
and allow long-term expression of the transgene after direct in- 
jection into adult rodents (Naldini et al, 1996a; Naldini 1998) 

J^wff* 1 , With convention al murine leukemia virus 
(MuLV)-based retroviral vectors, the production of lentiviral 
vectors poses significant challenges due to the hybrid nature of 
the vectors, the complexity of the lentiviral genome, and the 
toxicity of several components of the vector particle 

The hybrid nature of the vectors dictates the use of three dif- 
ferent plasmids to produce infectious particles (Naldini 1998) 
Two of the plasmids encode the proteins that assemble the par- 
ticle, one plasmid expressing the core proteins and enzymes of 
human immunodeficiency virus type 1 (HIV-1) (packaging con- 
struct) and the other expressing the envelope protein of an un- 
related virus, most often the protein G of the vesicular stoma- 
titis virus (VSV-G). The third construct contains an expression 
cassette for the transgene flanked by HIV-1 exacting se- 

?oor//X ed f ° r enca P sidation (McBride and Panganiban, 
1996; McBnde et al, 1997), reverse transcription, and integra- 
tion (transfer vector construct). 

The complexity of lentiviral genomes is due to the presence 
m addition to the structural gag, pol, and env genes common 
to all retroviruses, of two regulatory genes, tat and rev, whose 
products are essential for expression of the genome in the con- 
text of its native state, and a set of accessory genes that are not 
essential for viral replication but are critical for pathogenesis 
Cullen, 1998). The Tat and Rev proteins act at L 3rip- 
tional and posttranscriptional level, respectively HIV-1 Tat 
binds to a stem-loop structure (the /reactivation response 
11 AKj element) in the nascent long terminal repeat (LTR) RNA 
and tethers the cyclin T-CDK9 complex to polymerase n, pro- 
moting tr^scnpuonal elongation (Wei et al., 1998; Bieniasz et 
al 1999X HTV-1 Rev binds to an RNA motif (Rev-responsive 
element, RRE) found in the envelope-coding region of the tran- 

wii^ g6S U t0 ^ nUdear ex P° rt factor ex P°rtin 1 
(CREM), promoting cytoplasmic export of unspliced and singly 

S , oof r 8 ^^ ** eXpreSS kte Viral P roteins <*»™«>S 
et al., 1997; Neville et al, 1997; Stade et al, 1997). Additional 

components of the Rev-dependent switch of gag-pol expression 
are suboptimal splice acceptor sites downstream of the genes that 
facilitate accumulation of unspliced transcripts (Staffs and 
Cochrane, 1994), and inhibitory sequences within the gag-pol 
coding frames that promote degradation of unspliced transcripts 
m the absence of active export (Schneider et al 1997) 

The design of HIV-l-derived vectors reflects and exploits 
the complexity of the viral genome. Tat is required to activate 
transcription from the transfer vector LTR. Rev is required to 
export from the nucleus unspliced transcripts both of the trans- 
fer construct, allowing encapsidation, and of the packaging con- 
struct, allowing expression of the Gag and Pol polyproteins. As 
lat and Rev are expressed in trans in vector-producer cells 
transcription from the vector LTR, and accumulation of tran- 
scripts that can be encapsidated, are restricted in transduced 
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cells (Naldini et al, 1996a; Naldini, 1998; Dull et al, 1998) 
The requirement for HIV-1 accessory genes in vector produc- 
tion , h a S been investigated. We previously showed that vectors 
packaged by a construct from which all the HIV-1 accessory 
genes were deleted were as efficient as vectors made from wild- 
type constructs at transducing genes in vitro and in vivo (Zuf- 
ferey et */ 1997). Similar findings have since been reported 

J ToZ ^"V 1998: M ° ChiZuki et al ' 199§ ; Gasmi et 
al, 1999). As the nonessential genes of HIV-1 are critical for 

pathogenesis (Deacon et al, 1995; Kirchhoff et al 1995- A l 
drovandi and Zack, 1996), the new "minimal" packaging 'con-" 
structs were adopted to increase the biosafety of vector pro- 
duction. F 

Several of the proteins required to assemble lentiviral vec- 
tors are toxic to cells when overexpressed, including VSV-G 

al Tis?p 19 S' ^ Vpr (BartZ et al > 1996 >> Tat <U « 
al 1995) Rev (M.yazaki et al., 1995), and protease (Konva- 

hnka et al, 1995). Accordingly, vectors are currently produced 
by transient cotransfection of the required constructs into hu- 
man kidney 293T cells (Naldini etal, 1996a). The average tran- 
sient producer culture yields the vector equivalent of 100-1000 

K , °!, Gag P24 antigCn f0r 2 " 3 ^ corresponding to 
10 -10 ransduc.ng units (TU)/ml as measured by end-point 
biolog.cal titration on HeLa cells (Zufferey et al 1997- Dull 
et al 1998). The average particle output per cell is approxi- 
mately 50-500 fg of P 24/celI/24 hr and the average partkle in- 
fectivity is 104 TU/ng P 24 (Dull et al, 1998). Purification and 
concentration of vector to 1000-fold higher titer are easily 
ach.eved by ultracentrifugation. Transient transfection how- 
ever, is hardly amenable to the stringent characterization, stan- 
dard 1Z ation, and scale-up required by good manufacturing prac- 
tices of vector production for human applications. Furthermore 
cotransfection may increase the risk of recombination between 
plasmids, thus detracting from the biosafety devices built into 
the vector design. The availability of a stable producer system 
will assist in transferring the unique advantages of lentiviral 
vectors to the clinic. 

Various attempts at generating stable packaging cell lines for 
HIV-denved vectors have been reported, including the use of 
inducble regulatory elements to limit expression of toxic 

SoT? fZJfl 8enerations of packa * in g constru «s 

CanroH al, 994; Yu et al, 1996; Srinivasakumar et al, . 
1997; Kaul et al, 1998; Kafri etal, 1999). While these stud- 
ies have been helpful in evaluating the different approaches 
they have not yielded a producer with satisfactory vector out- 
put, activity, stability, or biosafety. Here we describe the suc- 
cessful development and detailed characterization of a new sec- 
ond-generation, inducible Lentika, packaging cell line for 

, !;/u Ve f VeCt ° rS - ° n induction ^Proximately 100 
ng/ml/24 hr of Gag P 24 equivalent of vector was obtained with 
mfecfous titers above 10* TU/ml and transducing activity ; 
indistinguishable from, or superior to, that of vector produced 
by transient transfection. By newly developed and highly 
sensitive assays, we demonstrated the absence of replication- 
competent and replication-defective recombinants that would 
have transferred packaging functions in vector batches from the 
stable producers. This packaging cell line and the assays de- 
veloped for its characterization should be of significant value 
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for most applications of gene transfer mediated by lentiviral 
vectors. 

MATERIALS AND METHODS 

Plasmid construction and transient transfections 

Plasmids for packaging and producer celt lines. 
pHR2CMVGFP is a lentiviral transfer vector carrying the EGFP 
gene (Clontech, Palo Alto, CA) under the control of the human 
cytomegalovirus (CMV) immediate-early enhancer/promoter. 
The parental transfer vector plasmids that formed pHR2- 
CMVGFP were described previously (Dull et a/., 1998). pHR2- 
CMVGFP was constructed by ligating the 10.1-kb ClaUBamUl 
fragment of pHR2hPGK.GFP to the 827-bp BamHl fragment 
containing the CMV enhancer/promoter of pMDLg/p. A Clal- 
to-BamHI linker consisting of synthetic oligonucleotides 5'- 
CGATTT ATGG-3 ' and 5 '-GATCCCATAAAT-3 ' completed 
the construction by spanning the fragments at the 5' end of the 
CMV enhancer/promoter. pCMVAR8.75 differs from the pre- 
viously described packaging plasmid pCMVAR8.74 (Dull et 
aU 1998) by containing an optimized Kozak sequence at the 
ATG of the gag-pol gene (Kozak, 1997). It was constructed by 
joining the 5.3-kb NgoUVSstll and 6.6-kb Ncol-NgoMl frag- 
ments of pCMVAR8.74 with an Ss/II-to-Atol linker. The linker 
contained the HIV 5' major splice donor sequence and the 
Kozak consensus sequence and consisted of synthetic oligonu- 
cleotides 5 ' -GGG ACTGGTG AGTG AATTCG AG ATCTGC- 
CGCCGC-3' and 5 '-CATGGCGGCGGC AGATCTCGAATT- 
CACTCACCAGTCCCGC-3'. P TetCMVAR8.75 was derived 
from pCMVAR8.75 by swapping the CMV enhancer/promoter 
with the Tet07-controlled CMV promoter in the following way. 
The 4.6-kb NgoMl-Pstl fragment of pCMV AR8.74 was blunted 
with Klenow enzyme at the Pstl site and ligated to the 450-bp 
Xfcol-blunted SstK fragment of pTetSplice (GIBCO-BRL, 
Grand Island, NY) and the 6.6-kb SstlVNgoUl fragment of 
pCMVAR8.74. The construction of the Tet07/CMV-controlled 
VSV-G envelope expression plasmid, pMDtet.G, was previ- 
ously described (Ory et al, 1996). 

Plasmids for recombinant assays. Plasmid pR8.7AEnv was 
generated by insertion of a 4.3-kb BcK-Xhol fragment of plas- 
mid pCMVAR8.74 containing deletions of all accessory and 
env viral genes into the corresponding region of pR8 plasmid 
(Gallay et al, 1995). To restore a full-length env gene in 
pR8.7AEnv, the SaK-BamHl fragment of pR8.7AEnv was re- 
placed by a corresponding fragment of pR7 (Kim et al, 1989). 

Vector generation by transient transfection. 293T cells were 
plated at 5 X 10 6 cells per 10-cm plate for 24 hr and refed with 
10 ml of fresh medium 2 hr prior to transfection. Precipitate 
was formed by adding the appropriate plasmids to a final vol- 
ume of 450 /il of 0.1X TE (10 mM Tris [pH 8.0], 1 mAf EDTA 
[pH 8.0] diluted 1:10 with deionized H 2 0 [dH 2 0]) and 50 p\ 
of 2.5 M CaCl 2 , mixing well. Five hundred microliters of 2X 
HEPES-buffered saline (281 mM NaCl, 100 mM HEPES, 1.5 
mM Na 2 HP0 4 , pH 7.12) was then added while aerating the so- 



lution with a pipette. The mixture was then added dropwise to 
293T cells and swirled gently. Medium was replaced with fresh 
growth medium 16 hr posttransfection, and after an additional 
24 hr the medium was collected, filtered through a 022-p.m 
pore size filter, and flash frozen on dry ice. 

Cells, stable packaging and producer clones, 
inductions, titrations 

Cells. 293G cells (Ory et al, 1996) and all 293G-derived 
clones were grown in Iscove's modified Dulbecco's medium 
(IMDM) supplemented with 10% calf serum and tetracycline 
(1 /xg/ml) or doxycycline (0.7 ^g/ml). 293T cells were grown 
in IMDM supplemented with 10% fetal bovine serum. HeLa 
cells (ATCC CCL-2) were grown in Dulbecco's modified Ea- 
gle's medium (DMEM)-glucose (4.0 g/liter) with 10% fetal 
bovine serum. All cells were split at 3 to 4-day intervals. 

Generation ofLentikat2.54. 293G cells were plated at 0.65 X 
10 6 cells per 10-cm dish 48 hr prior to use. Medium was 
changed 2 hr prior to transfection. A total of 20 fig of plasmid 
DNA was used per 10-cm dish: 18 fig of the packaging plas- 
mid pTetACMVR8.75 and 2 /xg of the zeocin resistance plas- 
mid, pZeoSV2 (InVitrogen, Carlsbad, CA) and precipitated as 
described above. Medium was changed 14-16 hr posttransfec- 
tion, and after an additional 24 hr the cells were split into 
medium supplemented with zeocin (250 ju,g/ml) (InVitrogen) 
and tetracycline (1 ^g/ml). Colonies were picked 3-4 weeks 
later and characterized for p24 expression after induction in six- 
well plates. When cells were 90% confluent the medium was 
changed and after 24 hr a noninduced sample was collected,, 
filtered through a 0.45-/tm pore size filter, and flash frozen on 
dry ice. The medium was replaced by induction medium, 
DMEM-glucose (1.0 gAiter) with 10% calf serum, and collected 
daily as needed. All conditioned media were filtered and frozen 
before assay. Conditioned media were assayed for p24 by im- 
munocapture (Du Pont, Wilmington, DE). Packaging clones 
were evaluated for their ability to produce vector after two in- 
fections at 3.5-5 multiplicities of infection (MOIs) with tran- 
siently produced HR2CMVGFP vector in the presence of Poly- 
brene (8 ju,g/ml). Cells were expanded and noninduced and 
induced conditioned media were collected as described above. 
Conditioned media were assayed for p24 by immunocapture 
and titered for green fluorescent protein (GFP) as described be- 
low. 

Producer clones. Producer populations were made by the 
serial transduction (infections A-E) of Lentifcaf2.54 packag- 
ing clone with transiently produced VSV-G-pseudotyped 
HR2CMVGFP vector in the presence of Polybrene (8 fig/ml)- 
Populations were expanded, induced, and evaluated for p24 and 
GFP titers as described. Lentifca/2.54 population E was sub- 
cloned by dilution cloning, and producer clones were induced 
and characterized for p24 and GFP titers as described below. 

Titer assay. Titers were done on HeLa cells plated at 5 X 
10 4 cells per well of a 6- well plate 24 hr prior to infection. In- 
fections were done in the presence of Polybrene (8 /Ag/ml), and 
refed with growth medium 24 hr later. After an additional 2 to 
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FIG. 1. Schematic diagrams of the HIV provirus and the three constructs used to create the Lentito packaging and producer 
cell lines. The viral LTRs, the reading frames of the viral genes, the major 5' splice donor site (SD), the encapsidation signal 
OP), and the Rev response element (RRE) are boxed and indicated in boldface type. pTetCMVAR8.75 expresses the gag, pol, 
tat, and rev genes under the control of the hybrid tetracycline operator-minimal CMV promoter (Tet°/CMV). The transfer con- 
struct HR2CMVGFP contains HIV-1 c/s-acting sequences and an expression cassette for the transgene. pMDtet.G encodes the 
heterologous envelope VSV-G under control of the Tet°/CMV promoter to pseudotype the vector. Splice sites are from the )3- 
globin gene. Restriction sites utilized in the Southern analysis and in generating the 32 P-labeled probes are indicated over each 
diagram. Probed regions are indicated by boxes beneath each diagram. The 3' Sstl site shown in the diagram of pMDtet.G is in 
the 293 cellular genome flanking the integration site of the transfected expression cassette approximately 6.6 kb away from the 
internal 55/1 site. 



10 days the HeLa cells were evaluated for GFP expression by 
FACScan (Becton Dickinson, Mountain View, CA). 

Southern analysis of packaging and producer cell lines 

Genomic DNA (10 ^tg) from each packaging or producer 
cell line was digested with Sstl and electrophoresed on a 0.7% 
2-mercaptoethanol (2-ME) agarose gel, and Southern blots were 
transferred to Zetabind filter paper (CUNO Laboratory Products, 
Meriden, CT). Sequences of the gag-pol expression plasmid 
pTetCMVAR8.75 were probed with a 32 P-labeled, 1.9-kb pol 
fragment isolated by Pstl and AfWL digestion, and a 32 P-labeled, 
0.3-kb fragment isolated from rev intron 2 by BamK and Xhol 
digestion. Sequences of the envelope plasmid, pMDtetG, were 
probed with a 32 P-labeled, 990-bp fragment isolated by EcoJU 
and Agel digestion. Sequences of the transfer vector, 
HR2CMVGFP, were probed with a 32 P-labeled, 711-bp, GFP- 
coding region fragment isolated from the plasmid pEGFP (Clon- 
tech) by Ncol and BsrGl digestion. The tol-cut genomic DNAs 



were also probed with a 32 P-labeled 382-bp Mlul-to-Xbal frag- 
ment containing coding sequences of the tet R /VP16 fra/w-acti- 
vator from the plasmid pTet-on (Clontech). The resultant bands 
on the Southern blots were as follows: TetCMVAR8.75, 4.7 kb 
with Pstl-Ajm probe, 6.1 kb with the BamHl-Xhol probe; VSV- 
G env, 6.6 kb; HR2CMVGFP, 1.4 kb; tet R /VP16 fra/u-activator, 
1.2 kb with the Mlul-Xbal probe. Figure 1 displays the locations 
of the restriction enzyme sites and probes. The stability of each 
viral gene in each packaging and producer cell line was exam- 
ined by exposing the probed filters to phosphoimager plates for 
18 hr. Densitometry was performed after scanning with a Phos- 
phorlmager (Molecular Dynamics, Sunnyvale, CA). The band in- 
tensities of the early-passage cells were set at 1.0 and the band 
intensities of the late-passage cells were expressed as fractions 
thereof. Background was subtracted from all bands analyzed. All 
lanes were normalized for differences in loading by probing the 
filters with a 1.1 -kb BglFL-to-Spel fragment of the human factor 
VHI cDNA to yield a band of 8.5 kb (GenBank accession num- 
ber M141 13). 
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Sodium butyrate treatment 

LentiJto producer clones were plated in doxycycline (0.7 
/xg/ml) and at 90% confluency were induced with fresh growth 
medium minus doxycycline. Three days postinduction dupli- 
cate plates of each clone were refed with induction medium 
with or without 10 \xM sodium butyrate. Twenty-four hours 
later all plates were refed with fresh induction medium minus 
sodium butyrate. Medium was changed and collections taken 
on days 5-14. Conditioned medium collections were charac- 
terized for p24 and GFP titers. 

Assays for the detection of recombination 

Assay for replication-competent retrovirus. To select the de- 
tector cells most permissive for amplification of R8.7 control 
virus, C8166, CEM-SS, SupTl and HeLa T4 cell lines were 
tested. Cells of each cell type (2 X 10 5 ) were mixed with seri- 
ally diluted stock of R8.7 virus to a final volume of 1 ml per 
well in 24- well plates. Infected cultures were incubated for 8-10 
days, during which cells were split to avoid overconfluent cul- 
turing conditions. Cultures were scored for establishment of 
productive viral replication by monitoring syncytium formation 
and production of p24 antigen by enzyme-linked immunosor- 
bent assay (ELISA). In spiking experiments the R8.7 virus stock 
was diluted into media containing variable amounts of vector 
generated by transient transfection. Median tissue culture in- 
fective dose (TCID 5 o) determination was performed by the 
method of Reed and Muench. 

Assay for envelope-defective recombinant. 293G detector 
cells, were seeded in 6-well plates at 5 X 10 4 cells per well in 
medium containing doxycycline 24 hr prior to addition of test 
samples. Cells were then washed with doxycycline-free 
medium, and test-conditioned media were added and incubated 
for 48 hr. Plates were refed with medium containing doxycy- 
cline and incubated for 2-3 weeks. Medium was replaced every 
2-3 days and undiluted conditioned media were assayed for p24 
in duplicate by immunocapture. To monitor the reproducibility 
of the assay detection limits serial dilutions of positive control 
R8.7AEnv viral stock were run in parallel with every assay. 

Treatment/infection of growth-arrested cells 

HeLa cells were seeded at 10 5 cells per well of a 6-well plate 
and 2 hr after plating aphidicolin (15 /xg/ml) was administered 
to cells. After 20-22 hr cells were infected with serial dilutions 
of either LentUto2.54 population B-conditioned medium trans- 
ferring the pHR2CMVGFP expression cassette or transiently 
generated MuLV, VSV-G-pseudotyped vector transferring the 
43.2GFP expression cassette (Finer et al, 1994) in the presence 
of aphidicolin (15 /xg/ml) and Polybrene (8 /xg/ml). Twenty- 
four hours postinfection the cells were rinsed with Mg 2+ /Ca 2+ - 
free phosphate-buffered saline (PBS) and refed with 2 ml of 
HeLa growth medium. Cells were harvested after 72 hr and as- 
sayed for GFP expression by FACScan. 

Concentration of vector 

Producer clones 14 and 262 were induced and 36 ml of each 
was harvested, filtered, and centrifuged in a Beckman (Fuller- 



ton, CA) SW28 rotor at 19,500 rpm for 140 min (50,000 X g). 
Supernatant was aspirated, tubes were inverted to drain off re- 
sidual liquid, and pellets were resuspended in 1% fetal bovine 
serum (FBS) in Ca 2+ /Mg 2+ -free PBS (FBS-PBS). To disrupt 
particle aggregates each suspension was shaken (lowest speed; 
table-top vortexer) at 4°C for 2 hr, and then diluted with 
FBS-PBS and centrifuged as described above. Supernatant was 
aspirated and the pellets were resuspended in 36 /xl of 
FBS-PBS, shaken for 2 hr at 4°C, and then flash frozen on dry 
ice and stored at -80°C. 

In vivo gene delivery 

For vector injection, C57BL/6 mice were anesthetized with 
an intraperitoneal injection of tribromoethanol (1.25%; Sigma, 
St. Louis, MO) and positioned in a stereotactic frame (David 
Kopf Instruments, Tujunga, CA), and the skull was exposed by 
a small incision. One microliter of vector concentrate, previ- 
ously resuspended by slow vortexing for 1 hr at room temper- 
ature and adjusted to a p24 concentration of 100 ng//xl, or ve- 
hicle only, was injected by a Hamilton (Reno, NV) syringe with 
a 33-gauge blunt-tip needle into the right hippocampus (stereo- 
tactic coordinates: AP -1.70, ML 2, and DV -2.5 from the 
skull surface) at a rate of 0.2 fxVmin. The needle was left in 
place for an additional 5 min before slow removal. At 4 and 16 
weeks postinjection, mice were anesthetized and transcardially 
perfused with PBS followed by 4% paraformaldehyde-0.1 M 
sodium phosphate buffer, pH 7.4. The brain was removed, post- 
fixed in 4% paraformaldehyde in 0.1 M phosphate buffer for 
8-12 hr at 4°C, followed by a cryoprotective soaking in 30% 
sucrose at 4°C overnight. Brains were frozen in O.CT. com- 
pound (Tissue-Tek, Sakura Finetek, Torrance, CA) on dry ice 
and 10-/xm-thick cryostat sections were cut and scored for GFP 
expression by direct fluorescence microscopy. 



RESULTS 

Generation of inducible packaging cell lines 

Our strategy to obtain stable packaging cell lines for HTV- 
derived vectors was to limit expression of both the packaging 
and envelope constructs in producer cells to the time of vector 
collection by a tetracycline-regulated system. We first modified 
the minimal packaging construct pCMVAR8.74 by replacing 
the CMV promoter with a minimal CMV promoter linked to 
tandem repeats of seven tetracycline operator sites (Tet°) as de- 
scribed by Gossen et al. (1995). We then deleted all HIV-1-de- 
rived sequence upstream of gag, except for the splice donor 
site, and optimized the sequence around the gag translation ini- 
tiation site according to Kozak (1997) (Fig. 1). We derived the 
packaging clones from 293G cells (Ory et al., 1996), which 
constitutively express the Tet R /VP16 /ra/w-activator from the 
CMV promoter and also contain the VSV-G envelope gene un- 
der the control of a Tet-responsive promoter element, so that 
in medium containing tetracycline the VSV-G envelope is not 
expressed (Tet-off system) (Gossen et al., 1995). 

In two separate experiments 293G cells were cotransfected 
with a 9:1 DNA ratio of pTetCMVAR 8.75 and pZeoSV2 and 
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Table 1 . Characterization of Lentifozf Packaging Clones for Virus Production 
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(ng/ml) 


(ng/ml) 


(ng) 




<~L,U 


24. W 


n a i 
U.U1 








J.4Z 


U. 14 




20.12 
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0.01 
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<LD 
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<LD 
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0.2 
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p24 b Total titer 0 Average titer* 
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0.06 


6944 


42.25 
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0.39 


9257 


30.90 


7.75 


0.19 


6290 


35.10 


3.08 


0.06 


1761 


11.40 


1.11 


0.01 


1375 
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1.27 


0.02 


977 


52.70 


20.48 


0.51 


9716 
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25.23 


0.36 


9882 


9.57 


6.39 


0.09 


9552 


69.86 


2.15 


0.07 


1025 


25.48 


2.08 


0.07 


2719 


56.85 


8.45 


0.28 


4971 



a Sum of p24 collected during induction of 10-cm plate, 10 ml of medium per plate. 

b Sum of transducing units collected during induction of 10-cm plate, 10 ml of medium per plate. 

c Average daily value over the 8-day collection. 

d Total titer/total p24. 

e LD, limit' of detection. The limit of detection of p24 was 0.03 ng/ml. . 



clones were selected in the presence of zeocin (250 /tig/ml) and 
tetracycline (1 /ig/ml). We screened the clones for regulated 
production of vector particles and transduction efficiency of 
vector produced after introduction of a GFP transfer construct 
by infection. The culture medium of 366 clones was screened 
for expression of the mature Gag protein p24 by immunocap- 
ture assay before and after 3 days of induction in tetracycline- 
medium. Although 43 clones yielded p24 levels greater than 1 
ng/ml postinduction, only 34 of these had nondetectable levels 
of p24 in the noninduced state. While clone 20.104 yielded p24 
at 184 ng/ml on induction, most were in the 3 to 30-ng/ml range 
and 12 clones were chosen to test vector production. 

The selected clones were infected twice with transiently pro- 
duced vector containing a CMV-GFP expression cassette (Fig. 
1) at an MOI of 5. Conditioned media from the transduced 
clones were collected prior to induction and at 24-hr intervals 
for 8 days after induction in tetracycline-free medium, and as- 
sayed for GFP transfer to HeLa cells by FACS and for particle 
output by p24 ELISA (Table 1). We found that the p24 induc- 
tion curve was unique for each clone and that significant vec- 
tor output was maintained over several days. Since there was 
no collection window that was common to all producer popu- 
lations, the data in Table 1 are expressed as the total GFP trans- 
ducing units (TU) and total nanograms of p24 collected per 10- 
cm plate after induction. The average titer, in TU per milliliter 
of culture medium, and vector infectivity are also shown. Vec- 
tor infectivity, defined as the ratio of TU to physical particles 
measured as nanograms of p24, gives a reliable measure of the 
potency of a vector preparation. The data in Table 1 show that 
levels of p24 from the initial screen were not predictive of vec- 
tor production. This could also be expected from the variabil- 
ity of the production kinetics after withdrawal of tetracycline. 
Five of the 12 producer populations made better than 10 5 



TU/ml, and three of those populations (2.54, 20.85, and 20.87) 
had cumulative titers of 2 X 10 7 GFP transducing units and in- 
fectivity levels approaching those seen in transient transfec- 
tions. The good infectivity of vector produced by these clones 
indicated the viability of our strategy to build stable packaging 
cells. 

In the course of these experiments we noted that the condi- 
tioned medium from some producer populations, while appar- 
ently allowing for a high level of GFP transfer, could not be 
titered by serial dilution in the HeLa assay, and that GFP ex- 
pression in cells transduced by these media decreased over time. 
This pseudotransduction was possibly dependent on the excess 
GFP protein expressed in producer cells. In contrast, GFP ex- 
pression in target cells for the other clones was dependent on 
the vector dose and remained constant with time. Accordingly, 
all target cells were maintained in culture for at least 10 days 
prior to analysis to verify transduction. 

Generation of vector producer clones 

The packaging cell line Lenti£af2.54 was selected for fur- 
ther characterization to determine its maximum potential for 
vector output and its stability in long-term culture. As the ? ex- 
pression level of the transfer vector RNA is a crucial limiting 
factor for the titer of vector produced by transient transfection 
(Dull et ai, 1998), we added vector genomes to clone 
Lentifaz/2.54 by serial rounds* of infection with transiently pro- 
duced GFP vector (VSV-G pseudotyped) for a total of five in- 
fections (populations A to E). After each infection a portion of 
the population was set aside for characterization before the next 
infection was performed. FACS analysis proved that each round 
of infection increased the average level of transgene expression 
and consequently, vector copy number, in each producer cell 
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(Fig. 2A). Populations from infections B to E were then si- 
multaneously induced and the conditioned media collected for 
8 days and assayed as described above (Fig. 2B and C). We 
found that each new round of infection produced an increase in 
the titer of output vector. Infection E titer peaked at 6.6 X 
10 6 /ml, and remained over 10 6 /ml for at least 6 days. Infectiv- 
ity of vector also increased with each infection and reached lev- 
els comparable and superior to those obtained by transient trans- 
fection. We also noted that the kinetics of induction of particle 
release (measured by p24) were faster in the transduced clones, 
reaching higher maximal levels and yielding a higher total out- 
put in the collection window when compared with the values 
observed for the original nontransduced Lenti/atf2.54 cells (Fig. 
2C). We ruled out the outbreak of replication-competent and 
replication-defective recombinants, as shown below. Similar in- 
creases in p24 output were observed in other packaging clones 
after transduction of the transfer vector (see Table 1; and data 
not shown). The possible reasons for the increased p24 output 
after vector transduction are discussed below. 

We then isolated individual producer clones from population 
E by limiting dilution for further characterization. We were sur- 
prised to find that of the 286 clones assayed, only 66 had in- 
duced p24 levels above 1 ng/ml, which corresponded to the 66 
clones with HeLa titers of greater than lO^ml. Only 23% of 
the clones had retained p24 expression, which suggested that 
the population was highly unstable or not clonal. We then sub- 
cloned an early passage of Lentifoi/2.54 and probed 24 clones 
for HIV-1 gag-pol sequences by polymerase chain reaction 
(PCR) and found that only 7 of the 24 clones were positive, 
suggesting that the instability or oligoclonality was a feature of 
the original Lenti&zf2.54 packaging cell line isolate. We de- 
rived and characterized new producer cell populations from in- 
dividual gag-pol-positive subclones of Lentitof2.54 cells (not 
shown). These experiments reproduced the above-described re- 
sults in satisfactory yield of infectious vector, and increased 
titer with increasing round of vector infection into the producer 
cell population. Ongoing studies will clarify whether the new 
subclones have gained an advantage in stability. 

Stability in culture of vector producer clones 

It was then important to assess the stability of the individ- 
ual producer clones. The parental Lentita/2.54, the vector pro- 
ducer population E, and 10 vector producer clones with induced 
titers in excess of 10 6 /ml were grown in culture for 12 weeks 
in the presence of doxycycline. At 4-week intervals cells were 
removed from the cultures and induced in doxycycline-free 
medium. The use of doxycycline rather than tetracycline de- 
layed the induction windows by several days. Media were col- 
lected at 24-hr intervals for at least 9 days and assayed for titer 
and p24. Total titer and p24 production were calculated for days 
5-9 (Fig. 3). As expected from the subcloning experiments de- 
scribed above, producer population E was highly unstable: af- 
ter 12 weeks in culture the induced particle output and titer had 
dropped significantly from a total production of 6200 ng of p24 
to only 400 ng of p24, and total transducing units had fallen 
50-fold from 5.7 X 10 7 to 1 X 10 6 TU. We found, however, 
that despite the instability of the parental population, 5 of the 
10 producer clones were stable (clones 14, 68, 223, 262, and 
281) over the 12 weeks of the experiment. Clones 16, 104, 244, 



and 260 had lost titer and p24 output by passages 8 and 12, and 
clone 1 1 1 appeared to be in decline. We observed that clones 
that maintained particle production also maintained titer, and 
that initial p24 values were in the same range for all stable 
clones. 

To identify possible reasons for the instability observed in 
half the producer clones we monitored by Southern analysis the 
maintenance of the different constructs introduced into the 
packaging and producer cells. Genomic DNA was prepared 
from each of the parental cell lines 293 and 293G, from 
LentiJto2.54, the vector producer population E, two stable pro- 
ducer clones (14 and 262), and one unstable clone, 244 (Fig. 
4). DNA was sampled from noninduced cells after short (week 
1) or long-term culture (week 14), and from cells induced for 
9 days after long-term culture. All samples were digested with 
Sstl, electrophoresed on an agarose gel, Southern blotted onto 
nylon filters, and scored by radiolabeled probes specific for the 
sequences in pTetCMVAR8.75, VSV-G, GFP, Tet R /VP16 
frarcs-activator, and the endogenous factor VHJ gene. Restric- 
tion by Sstl was selected because it released well-recognized 
fragments from the original constructs, and because theoretical 
recombinants between transfer and packaging vectors would 
maintain two Sstl sites and release a fragment of a size similar 
to that labeled by the pol probe from pTetCMVAR8.75 (Fig. 
1). In this way we could acreen for either the loss or the pos- 
sible amplification of gag-pol genes by a recombinant spread- 
ing in the culture. The expected bands were produced for all 
four types of DNA: VSV-G at 6.6 kb, TetCMVAR8.75 at 4.7 
kb, GFP at 1.4 kb, and Tet R /VP16 frans-activator at 1.2 kb. In 
addition, by probing downstream of the 3' Sstl site in 
TetCMVAR8.75 with the BamHl-Xhol probe we were able to 
demonstrate a single, identical integration event of the packag- 
ing vector (data not shown). This 6.1-kb band was common to 
LentLto2.54 and all its descendents. However, the intensity of 
this common band was less in Lentito2.54 than it was in pop- 
ulation E and the producer clones. All bands were evaluated by 
Phosphorlmager analysis after normalizing for DNA loading 
with an 8.5-kb band generated by a probe specific for the en- 
dogenous factor VEH gene. For each cell line, the density of 
each band was compared with the value at passage 0 in order 
to detect differences in copy number after 14 weeks of contin- 
uous culture and/or after 9 days of induction. 

In all cases, except that of Lentto2.54, the bands corre- 
sponding to the gag-pol genes appeared to be stable, and thus 
there was no detectable evidence of either amplification or loss 
of gag-pol during the course of 14 weeks of culture and in- 
duction. We consistently observed that the gag-pol copy num- 
ber for LentiJto2.54 was less than that of the producer clones 
and that it varied with long-term culture, which supported our 
earlier observation that the original isolate of this cell line was 
not clonal. The GFP transfer vector also appeared to be stably 
integrated. However, the Southern analysis showed that the 
VSV-G gene was lost during culture, and this loss correlated 
with those clones or populations that lost titer during passage. 
Lentito2.54, population E, and clone 244 all lost VSV-G DNA. 
Clones 14 and 262 appeared stable in doxycycline, but lost a 
small fraction of VSV-G DNA during the induction. Instabil- 
ity of VSV-G DNA was also reflected in its different content 
among the cell populations tested at the initial time of the ex- 
periment. An interesting observation is that those cells that lost 
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FIG. 2. Analysis of Lentito2.54 packaging clone before and after serial infection with a GFP transfer vector. LentiAa/2.54 was 
infected serially five times (A to E) with VSV-G-pseudotyped HR2CMVGFP transfer vector. Nontransduced LentLto2.54 and 
transduced populations A-E were analyzed by flow cytometry for GFP expression (MFI, mean fluorescence intensity of GFP) 
(A), populations B-E were induced in tetracycline-free growth media, and the conditioned media analyzed daily (B) for end- 
point titer on HeLa cells (TU/ml; columns) and infectivity (TU/ng p24; lines). (C) Total yield of particles, in nanograms of p24, 
and of infectious vector, in transducing units (TU), and average particle concentration (ng p24/ml), titer (TU/ml), and particle in- 
fectivity (TU/ng p24) for the induction period. 



VSV-G DNA were also the same that lost p24 expression, al- 
though the pTetCMVAR8.75 DNA appeared to be intact by 
Southern analysis. This could be because the expression plas- 
mid for VSV-G was cotransfected with the plasmid expressing 
the Tet R /VP16 frans-activator during generation of 293G cells 
(Ory et a/., 1996). Since the DNA incorporated in stable trans- 
fectants is often concatemeric, we postulated that a selective 
pressure against the VSV-G DNA would also coselect against 
the fra/u-activator gene and lead to loss of both genes and, con- 
sequently, lack of expression of the pTetCMVAR8.75 DNA. 
Therefore we ran the same samples on a second Southern blot, 
probed for the Tet R /VP16 fra/w-activator, and found a pattern 
identical to that of VSV-G, thus demonstrating the loss of both 
VSV-G and frwu-activator genes in the unstable clones and 
populations (Fig. 5), leading to the lack of expression of the 
pTetCMVAR8.75 DNA. 

We also tested whether silencing of transcription from the 
transfected DNA was responsible for some of the decay in per- 
formance of the producer clones. It was previously reported that 
treatment with sodium butyrate reactivated transcription from 
Tet-responsive promoters after long-term culture of 293 ceils 
expressing a first-generation packaging construct for lentiviral 



vectors (Kafri et a/., 1999). Butyrate treatment did not rescue 
vector output from our clones that had lost it. In the clones that 
had maintained output the treatment changed the kinetics of in- 
duction by shortening the induction time, but did not improve - 
the total yield of vector (Fig. 6). 

These results indicate that clonal variation allows the isola- 
tion of stable vector producer clones with satisfactory output 
from Lenti&tf2.54 cells. Moreover, the instability of vector pro- 
ducer clones appeared to be an intrinsic feature of the parental 
cell line from which they were derived, and may not be neces- 
sarily linked to the design or type of vector. Our data also point 
to possibly more effective strategies for building stable pack- 
aging cell lines that aim at improving the stringency of VSV- 
G expression control, removal of counterselective pressure, and 
sequential introduction of the different types of DNA, 

Screening for recombination of vector and 
packaging constructs 

To screen our vector producer cells for the absence of repli- 
cation-competent recombinants (RCRs) we needed to establish 
an assay in which we could incubate aliquots of the conditioned 



LENTTVIRAL VECTOR PACKAGING CELL LINE 



989 






Non-induced 


induce 


d 




Infection 


P24 

ng/ml 


Titer 
<10 4 
TU/ml 


"Total 
ng 

p24 

0) 


Average 
induced 
p24 
ng/ml 


lotal 
titer, 
TUx 
10 6 
(2) 


Average 
titer, 
TUx 
10 6 /ml 


intectivtty 
(3) 


Non- 
transduced 


0.01 




729 


12.15 








B 


0.12 


0 


2958 


49.20 


27.39 


0.46 


92b/ 


C 


0.57 


0 


27/7 


46.29 


36.6/ 


0.61 


13201 


U 


o.ou 


0 


2295 


38.24 


b2.b!> 


1.U4 


2/261 


b 


0.27 


0 


5694 


94.91 


212.88" 


3.bb " 


37351 



(1) Sum of p24 collected during induction of 10cm plate, 10mls media per plate. 

(2) Sum of transducing units collected during induction of 10cm plate, lOmls media per plate. 

(3) Total titer/ total p24 . 

FIG. 2. Continued. 
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FIG. 3. Characterization of Lenti/w/2.54 producer clones for stability of vector output with time. Ten producer clones of GFP 
vector (indicated by the clone number) and 2 controls (Lenti/azf2.54 and transduced parental population E) were induced at 4- 
week intervals by removal of doxycycline. Medium was collected at 24-hr intervals and analyzed for end-point transduction of 
GFP into HeLa cells (bar graph) and for the content of p24 (chart). Data are expressed as the total yield of p24 and transducing 
units for the induction period of each clone. Nd, Not done. 



medium with a cell line shown to be highly permissive to HTV- 
1 infection and then monitor p24 released in the culture super- 
natant. Cultures would be grown for a minimum of 3 weeks for 
clearance of the input p24 and amplification of any RCR. For 
a positive control RCR that mimicked one derived from the 
minimal packaging construct introduced into Lentifof2.54 cells, 
we deleted the four accessory genes of an infectious clone of 
HIV-1, R8 (Gallay et al, 1995), and cotransfected this plasmid 
with the expression construct for VSV-G into 293T cells to 
match the conditions of vector production for the initial infec- 
tion. After the first round of infection this attenuated vpr~ vpu~ 
vif~ nef HIV-1 clone, referred to as R8.7, replicated by its 
own envelope. This approach was dictated by the biosafety con- 
cerns of generating a genotypic VSV-G-pseudotyped HTV-1. 
On the other hand, the adoption of a multiply attenuated pack- 
aging construct for vector production reduced correspondingly 
the biohazard of any possible RCR, including that represented 
by growing the positive RCR control even when phenotypically 
pseudotyped by VSV-G. The R8.7 virus grew efficiently in sev- 
eral tested cell lines, and. as expected from its multiply deleted 
genome (Cullen, 1998), it did not grow detectably in primary 
human lymphocytes (data not shown). 

Among the target cell lines tested, the human T cell line 
C8166 supported virus replication most efficiently as evidenced 



by the fact that the minimal infectious dose required to estab- 
lish productive infection of the culture was at least one order 
of magnitude lower than for any other cell line tested (data not 
shown). Consistent with our previous observation that VSV-G- 
pseudotyped vector particles were found to be significantly 
more infectious than their counterparts incorporating the gp 120 
glycoprotein of HIV-1 (Bukovsky et al., 1999), we found that 
the minimal viral infectious dose was lowered another 1000- 
fold when detector cell cultures were infected with R8.7 parti- 
cles pseudotyped with VSV-G (data not shown). The TCID 50 
of C8166 cells by VSV-G-pseudotyped R8.7 virus was 1 fg of 
p24 equivalent of virus, as determined by the method of Reed 
and Muench (data not shown). Assuming that each virion con- 
tains approximately 2000 molecules of p24 capsid protein and 
that these molecules are assembled in particles of relatively ho- 
mogeneous size, this would correspond to approximately 12 
physical particles, indicating the high sensitivity of this assay. 
In spiking experiments we also established that the addition of 
a nonreplicating control vector at a maximum MOI of 5-10 did 
not increase the median infective dose (ID 50 ) of the positive 
control (data not shown). Thus we used these experimental con- 
ditions to screen vector batches for RCR. To date we have not 
found a positive sample (more than 60 samples from more than 
30 producer cell cultures were tested one or two times). . 
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FIG 4 Analysis of the genetic stability of vector packaging, transfer, and envelope sequences in the packaging and producer 
3l iines Southern analys! of DNA from the indicated cells grown in culture for 1 week (1) 14 weeks (2), and 14 weeks plus 
Tweek of inSSnTs), digested with Sstl and probed for (A) gag-pol (B) GFP, (C) VSV-G, and (D) endogenous factor VO 
LI seauences respectively. The densitometry of the resulting bands after Phosphorlmager analysis is displayed at the bottom 
^JSTSSSS^ <»f * e early^passage band intensities for each cell line. Band sizes and the 1.6-kb molecular 
weight marker are indicated. 



We also developed a sensitive assay for the detection of re- 
combinants between packaging and transfer vector constructs 
that are able to transfer the viral gag-pol genes but lack an en- 
velope gene (A. Bukovsky and L. Naldini, in preparation). In 
this assay aliquots of the vector batch were incubated with 293G 
cells, which were concurrently induced to express the VSV-G 
envelope. By supplying the envelope in trans these cells al- 
lowed amplification of a recombinant expressing only the HIV- 
1 gag-pol genes. The culture medium was changed every 2-3 
days and assayed for p24. If the vector preparation were con- 
taminated by recombinants productive for gag-pol transfer, 



subsequent collections would have increasing amounts of p24. 
A positive control sample for the theoretical recombinant was 
generated by cotransf ecting an envelope-defective derivative of 
the pR8.7 plasmid described above, called pR8.7AEnv, with the 
VSV-G expression plasmid. The sensitivity of the assay was 
established by adding serial dilutions of the engineered recom- 
binant. As shown in fig- 7 A, the assay followed the expected 
kinetics: the lower the input of recombinant added to the assay, 
the longer it took to amplify. The assay amplified a recombi- 
nant input as low as 6 fg of p24 to detectable levels starting at 
day 10, while an input of 0.6 fg of p24 remained negative even 
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FIG. 5. Concomitant loss of VSV-G and Tet R /VP16 rrans-activator DNAs with long-term culture of vector packaging and pro- 
ducer cells, leading to the lack of expression of the packaging construct. Southern analysis of Ss/I-digested DNA from the indi- 
cated cells grown in culture for 1 week (1), 14 weeks (2), and 14 weeks plus 1 week of induction (3). The upper panel was probed 
for VSV-G sequences, and the lower panel for the Tet R /VP16 frans-activator. Band sizes are indicated. 



after 16 days. The limit of detection of p24 by the immuno- 
capture assay was 2.5 pg/ml. To reproduce more accurately the 
actual conditions encountered in an assay, dilutions of the 
R8.7AEnv recombinant were added in the presence or absence 
of excess vector generated by transient transfection (Fig. 7B). 
This did not alter the sensitivity of the assay. The conditioned 
media from Lentito2.54 and all 10 producer clones induced at 
passage 12, were then examined for contamination by recom- 
binants expressing the HTV-1 gag-pol genes. In all cases we 
observed a steady decline in p24 levels in the culture. Figure 
7C shows a representative panel of clones and the decline in 
p24 levels from day 5 to day 16 of the assay. Considering the 
amount of vector tested and the limit of detection of the assay, 
we can conclude that the vector batches tested contained less 
than 1 particle in the 1.6 X 10 7 tested containing a recombinant 
between transfer and packaging construct capable of transfer- 
ring gag~pol packaging functions to target cells. 

Performance of vector from stable producer cells 

Having established the safety of the stable packaging system 
we wanted to functionally characterize the output vector to ver- 
ify that it performed equivalently to that produced by transient 
transfection. Conditioned media from Lenti/atf2.54 producer 
population B were evaluated for their ability to transduce 
growth-arrested cells (Naldini et al. y 1996a). HeLa cells were 
treated with aphidicolin (15 ftg/ml) 24 hr prior to infection with 
population B conditioned medium or a VSV-G-pseudotyped 
MuLV vector delivering GFP. Growing HeLa cells were read- 
ily transduced with vectors made either by a lentiviral or on- 
coretroviral core, whereas the aphidicolin-treated cells were 
transduced only by the lentiviral vector in the population B con- 
ditioned medium. In addition, we demonstrated that the condi- 
tioned media from producer clones 14 and 262 could be effi- 
ciently concentrated to obtain vector stocks displaying high titer 
and transduction frequency. Clone 14 and 262 conditioned me- 
dia were concentrated 1000-fold to titers reaching 1 X 10 9 
TU/ml, with an average recovery of 80%. When p24-matched 



doses of vector before and after concentration were used to 
transduce HeLa cells we observed similarly high transduction 
frequencies by FACS analysis, indicating that the concentration 
step increased the transduction efficiency without concentrat- 
ing contaminants that interfere with transduction (data not 
shown). 

The concentrated vector stock from clone 14 was tested for 
efficient delivery in vivo of the GFP expression cassette. One 
microliter of the stock was injected into the brain of C57BL/6 
mice, into the right hippocampus, under stereotactical guidance. 
Four and 16 weeks after the injection, mice were killed and 10- 
/xm-thick cryostat sections were cut from the brain and ana- 
lyzed for GFP expression by direct fluorescence microscopy. 
As shown in Fig. 8, remarkable levels of transduction of cells 
with the morphological features of hippocampal neurons were 
demonstrated in the injected side of the brain, as previously 
shown for vector produced by transient transfection (Naldini et 
aU 1996b). 

DISCUSSION 

We have successfully generated and characterized a stable 
packaging cell line for HIY-1 -based vectors. The minimal HTV- 
derived packaging construct introduced into the cells allowed 
for safe production of vector. By serial infection of the trans- 
fer construct, producer clones could be obtained yielding vec- 
tors with titer, infectivity, and performance matching or ex- 
ceeding those of vector obtained by transient transfection. The 
titration of vector genomes by serial transduction of the pack- 
aging cell line indicated that, similar to what was observed in 
transient transfection, the level of expression of vector RNA in 
producer cells is a major rate-limiting factor for the transduc- 
tion efficiency of the output \$ector. Furthermore, the achieve- 
ment of optimal vector infectivity indicates that the packaging 
cell line did not produce excess defective particles. This was 
shown by the nearly quantitative concentration of the vector to 
high titers allowing efficient gene transfer in vivo, such as into 
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FIG. 6. Sodium butyrate treatment of Lentito vector producer clone 14, Cells were induced on day 1 ^ t ^^ h ^^' 
cycline-free medium/and treated with (solid columns) or without (open columns) 10 \xM sodium butyrate for 24 hr on day 3. 
Conditioned media were analyzed daily for end-point transduction of GFP into HeLa cells. 



hippocampal neurons after injection of the vector into the mouse 
brain. 

The packaging cell line was derived from 293G cells (Ory 
et aU 1996). Some of the advantages of the 293 host cell are 
the human origin, good transfectability and adaptation to growth 
in suspension, a safe track record in the production of retrovi- 
ral vectors (Burns et al, 1993; Pear et a/., 1993; Finer et al. y 
1994; Davis et al, 1997; Yang et al, 1999), and moderate de- 
pendence on the accessory genes vpu, vif, and nef of HIV-1 to 
generate infectious virus. 

An unexpected observation was that the kinetics of induc- 
tion and the total output of vector particles increased after trans- 
duction of the vector construct into the packaging cells. There 
are several possible explanations for this phenomenon. We 
ruled out that the observed increases were due to an amplifi- 
cation of the packaging DNA in the producer population, as it 
could occur by the outbreak and spread of a recombinant be- 
tween the transfer and packaging construct. It is possible that 
the RNA-binding activity of Gag proteins responsible for en- 
capsidation of the viral genome interferes with efficient trans- 
lation, both in cis and in trans. A residual interaction could oc- 
cur between the Gag protein and its mRNA in packaging cells, 
particularly in the absence of RNA carrying an intact encapsi- 
dation signal When the transfer vector RNA is titered up into 
packaging cells by serial transduction it may progressively out- 



compete the Gag mRNA from binding sites in the Gag proteins, 
and increase its translational output (A. Bukovsky and L. Nal- 
dini, unpublished observation). 

An important safety issue was raised by the use of the VS V- 
G envelope in stable producers. We showed that cells express- 
ing high levels of VSV-G do not exhibit interference with su- 
perinfection, that is, they could be infected efficiently by 
VSV-G-pseudotyped vector or virus. Self-infection of a pro- 
ducer clone is one undesirable feature that may compromise its 
stability and increase the risk of generation of recombinants 
even by such unlikely mechanisms as gene capture. The vector 
producer system that we have developed has a built-in media-, 
nism that limits self-infection. Expression of the packaging and 
envelope functions to adequate levels for release of infectious 
particles is limited to a short window of time after induction, 
While we could not detect infectious vector in the noninduced 
state, we observed, however, a basal level of expression of the 
VSV-G protein. This "leaky" expression appeared significant 
enough to induce a selective pressure against the maintenance 
of the VSV-G DNA in long-term culture, and it was a major 
factor in limiting trfe stability of the cell line. It thus appears 
that a more stringent control of VSV-G expression would im- 
prove the reliability and performance of stable packaging cell 
lines. 

The packaging cell line and all vector producer clones de- 
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FIG. 7. Assay for replication-defective recombinants that transfer HIV-1 gag-pol packaging functions to target cells. 293G re- 
porter cells were induced and exposed to control and test vector samples from the indicated Lentito2.54 producer clones. Con- 
ditioned media from the assay were monitored for p24 levels at designated intervals. Assay sensitivity: (A) reporter cells were 
infected with the indicated serial dilutions of the positive control vector R8.7AEnv, VSV-G ps$udotyped, as described in Mate- 
rials and Methods. The envelope-defective recombinant was amplified efficiently, starting from the inoculum of 6 fg of p24. (B) 
The same dilutions of VSV-G-pseudotyped R8.7AEnv shown in (A) were spiked into lentiviral GFP vector (200 ng of p24) pro- 
duced by transient transfection. The assay sensitivity was unchanged in the presence of excess vector particles. Note that the slow 
clearance of input p24 antigen does not prevent detection of amplifying spiked recombinant. (C) Test of vector samples. Reporter 
cells were exposed to i ml of the conditioned medium from the indicated late-passage, induced Lentito2.54 and producer clones. 
No p24 amplification was observed. The limit of detection of p24 by the immunocapture assay was 2.5 pg/ml. 
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scribed here were shown to be free from replication-competent 
recombinants by a highly sensitive assay. However, the out- 
break of a replication-competent recombinant is a remote event 
. given the hybrid composition and the split design of the lentivi- 
ral vector system. While this is a crucial safety feature of this 
type of vector, it also makes it difficult to compare the qual- 
ity of different vector batches and different vector production 
systems. We thus developed an assay to monitor the appear- 
ance of recombinants between packaging and vector constructs 
that transfer the viral gag-pol genes without having to rely on 
the extremely unlikely outcome of an RCR outbreak. Such re- 
combinants are replication defective but they may be propa- 
gated in vector producer cells that do not exhibit envelope-de- 
pendent interference with superinfection as. is the case with 
VSV-G. The recombinants would interfere with transduction 
of the vector construct because they would compete for en- 
capsidation by the viral particles. Moreover, they may be harm- 
ful to a vector recipient as they could transfer vector-packag- 
ing functions, and may cause toxicity or immune reactions. 
Most importantly, the possible amplification of such a recom- 
binant in a producer cell line increases the risk of additional 
recombination events eventually leading to generation of a 
replication-competent retrovirus. Sensitive detection of enve- 



lope-defective recombinants expressing the viral gag-pol 
genes is thus crucial to validate and maintain the performance 
of a vector producer system, and to prove the purity and safety 
of a vector batch. The packaging cell line described here and 
all vector producer clones derived from it did not yield any de- 
tectable recombinants of such a type. 

An additional improvement in the safety of vector produc- 
tion could be achieved by a self-inactivating (SIN) transfer vec- 
tor (Miyoshi et aL, 1998; Zufferey et ai, 1998; Iwakuma et aU 
1999). This would not only reduce the risks associated with re- 
infection of the producer system, but also enhance the safety of 
the output vector, alleviating the risks of recombination or mo- 
' bilization in the recipient (Bukovsky et a/., 1999). However, as 
SIN vectors cannot be infected to generate producer cells, ob- 
taining a good producer clone may require the screening of a 
large population of transfectants, or the adoption of other strate- 
gies such as targeted recombination of a preselected vector in- 
tegration site (Vanin et al, 1997), or the use of self-maintain- 
ing episomal constructs (Kinsella and Nolan, 1996). 

The second-generation packaging clone described in this 
work, and the assays developed for its characterization, should 
enable scaling-up and advancing the applications of gene trans- 
fer mediated by lentiviral vectors. 
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Multiple RNA splicing sites exist within human immunodeficiency virus type 1 (HIV-1) genomic RNA, and 
these sites enable the synthesis of many mRNAs For each of several viral proteins. We evaluated the biological 
significance of the alternatively spliced mRNA species during productive HIV-1 infections of peripheral blood 
lymphocytes and human T-cell lines to determine the potential role of alternative RNA splicing in the regulation 
of HIV- 1 replication and infection. First, we used a semiquantitative polymerase chain reaction of cDNAs that 
were radiolabeled for gel analysis to determine the relative abundance of the diverse array of alternatively 
spliced HIV-1 mRNAs. The predominant rev, tat, vpr, and env RNAs contained a minimum of noncoding 
sequence, but the predominant nef mRNAs were incompletely spliced and invariably included noncoding exons. 
Second, the effect of altered RNA processing was measured following mutagenesis of the major 5' splice donor 
and several cryptic, constitutive, and competing 3' splice acceptor motifs of HIV-l Nly4 _,. Mutations that ablated - 
constitutive splice sites led to the activation of new cryptic sites; some of these preserved biological function. 
Mutations that ablated competing splice acceptor sites caused marked alterations in the pool of virus-derived ,v * 
mRNAs and, in some instances, in virus infectivity and/or the profile of virus proteins. The redundant RNA / ; 'l?y\ 

, j splicing signals in the HIV-1 genome and alternatively spliced mRNAs provides a mechanism for regulating the . ^ ' . 

> . relative proportions of H IV- 1 proteins ahdVin some cases, viral infectivity. v *h& r &-**r •■' r% -r^ 
' y y |< \.. % • > - >- ■ k^^vr.l.,:^:' ;>•;*,. . 

■ ; ;. ; Eucai7 : otjc their metabolic, activities by reg|iitt 7 ' genomic ; ; RNA^are comri:tingtpoints : qf li^ticm : for splicing; = 

gene; promote^ the . processing pf. RNA^riil. ^anuN theifealiernate; selection^ usually determines;^ 

protein. In the same way that the study of viral promoters has encoded by the mature RNA (3, 15, 18, : 35, 43, 47). However; 

served as a paradigm, for the prompters; of their.host mamrna- , some of these mRNAs are muUicistrd^ 

^lian.cells,. the investigation of viral RN£ pmcc*sing,in mam-. , one prbtein ( 48.49^ 

,,malmn cells has provided, an insight intoj/arious : ;mccha . IbrseyefarHiV^ proteins results- from r tfie l alteMtiverc^sei^ 
;-used^ .tingttft*^ 

' human RNA processing pathways. All retroviruses , require , ., j^VttS'**-*if"- n , .'■••! ■ ■ ■ ■•« ;^-J>.. ;, .v^ 

RNA splicing to remove ^tream^^and ^^ding^se- , *V-*#^ 

- - oat r * T results in the syntncsis of several sets of structurally different 




rprptein. binds viral RNA species 

Rev-resporisivc element (RRE), located in the env gene, critical: for the Jsucccssf^ 

thereby' promoting* the export, and possibly the stability and cycle, arid not ^simply an inherent redundancy in viral RNA 

translation; of partially spliced and unspliccd RNAs from the processing. : , . 

nucleus into the cytoplasm for its translation and/or packaging The major advantage of examining regulated splicing of a 

into progeny virions (2, 6, 7, 9, 12-14, 19, 20, 22, 23, 28, 33, 36, self-replicating entity such as HIV-1 is that such investigations 

38). The Rev-RRE system alleviates the paradoxical require- can use whole cells, rather than in vitro splicing extracts, and 

ment for both spliced and unspliccd HIV-1 RNA for successful the biological consequences can be readily correlated with 

virus replication. Rev protein also regulates the temporal RNA and protein expression as well as with virus infectivity. 

change from multiply spliced HIV-1 RNAs to partially spliced while mixed groups of mRNAs encode most HIV-1 proteins, 

or unspliced RNAs during productive virus infection (27, 29). h is unclcar whclher diffcrC nt cell types use alternative splicing 

Thesphcingof HIV-1 RNA is extremely complex because of t0 , afc HIV _, RNA exprcssion . The principa | ce n types 

the presence of both constitutive and alternatively used 5' thal arc infcclcd b HIV ., CD4+ lymphocytes and mon oc£e- 

tTL ( l? n 1 3 , SP J? dC Tu T (SA) Tt toived macrophages, are known to alternatively splice RNA 

Numerous weak SA motifs, located toward the center of the from somc ^ dcpendjng Qn ^ QT 

activation status of the cell (e.g., CD45 [54, 55]) r on the cell 

„ type (e.g., CD46 [44]). Given the wide sequence diversity of 

* Corresponding author. HIV-1 strains (37), it is likely that sequence differences will 
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affect the splicing motifs of different virus isolates in view of 
what is known in other systems (17, 34). 

We exploited the self-replicating capacity of HIV- 1 to 
examine the role of alternative RNA splicing in the regulation 
of virus replication and infectivity and to evaluate the relative 
importance of the different RNAs encoding HIV- 1 proteins. 
First, we used a semiquantitative polymerase chain reaction 
(PCR) protocol that preserved the relative proportions of the 
HIV-1 RNA species in the 1.8- or 4.0-kb class of poly(A) + 
RNA to evaluate the steady-state levels of viral mRN As during 
productive viral infection. Second, we introduced mutations 
into several SD and SA motifs of the HIV-1 proviral clone 
pNL4-3 to assess their effects on the composition and relative 
abundance of alternatively spliced mRNAs during virus repli- 
cation and infection. HIV-1 splice site mutants permitted an 
examination of the biological significance of the large redun- 
dant pool of spliced mRNAs and the potential role of alterna- 
tive RNA splicing in the regulation of HIV-1 during tissue 
culture infections. 

M\TE RIALS AND METHODS 

Construction of proviral mutants. The HIV-1 proviral mo- 
lecular clone pNL4-3 was constructed from the N Y5 and LAV 
(LAI) HIV-1 isolates (1). A PCR-based mutagenesis protocol 
that used a mutagenic oligonucleotide and a second primer .. 
, positioned near a convenient restriction endonuclease site was ; 
i; used;tpjenerate a PGR product containing the mutation. This 
^ product was gel purified and used as a megaprimer with a third 
oligonucleotide positioned near a second convenient restric- 
tion site, to generate DNA containing the mutated splice site 
- and thetwo ; restriction sites (31):/Fhesepfbd^^ 
Jnto/ the: pCRl t 00(h vector (Invitrogen, (San Diego, Caljf.); ; 
: screened by restriction mapping, and then cloned back into the : 
.c.HiVrl^pr^ims-^i.u5ing.the selected restriction sites. The : 
fOligonucleotidcs f ,used; ; with mutated nucleotides underlined,- > 
-•were as,follows: forSDl, Odp.008: (5' : TGGCGTAGTdQG . 
; i AG JGGGGGGC-3 <)Jn'\ th Odp.d62 (V^CXCTGGTAAGTlG 
; AGATCGCTCAGrl') and then pdp.007 { ( 5 { r GTG ATGTG G C , 
CTGGTGCAATAAGG-3' ); for SA4b, ! Odp.023 1 (5 '-AGG^G \ 
ATGC^AAGGCTTTTGTCAf G-3^^ arid Tor SA5v 6dp 025 
i(5'^TCT CCGC^^ each w : with, 

f Odp.021 (5 ; :GAATTG GGTGT CG AC ATAGGAGr3 ' ) , ; and 
then Gdp.030 :; (5 -TTGT^ 
r:TG-3^); ^fbr SA6, ;0dp.O28 (5 -GTGTTAGTTTAI^G 
; GACTG ATTtG AAG-3' ) with Odp.030tand then :6dp.021; 
and for SA7a, OdpX)33 (5 '-GTATAGTG AATT^AGTTXg 
GCAGGG AT-3 ' ), for SA7a+7b, Od035P (5* -CT AT A&T 
GAATISIAGTTICGCAGGGATATT-3 '); > and for SA7,7a, 
7b, Odp.037 (5 -CTATAGTGAATieAGTTieGCAGGGA 
TATTCACCATTATCGTTTCQIAGCCAGCTCCCCTATA 
GTG AA T A GA GTTAG G CAGGG ATAT-3 ' ), each with 
Odp.032 (5 ' -CCGCAG ATCGTCCCAG ATAAG-3 ' ) and then 
Odp.031 (5'-AGTAGAGCAAAATGGAATGCCAC-3). 
Splice site mutant proviruses were sequenced to verify the 
presence of the desired change as well as additional changes 
that might have been introduced during the PCR procedure. 
Some mutations (ASA4b Tat G-*S, ASA5 Tat R->S, ASA6 
Env K^S, ASA7a Env R— S, ASA7b Env R->S, and ASA7 
Env Q->R) changed the codon at that splice site. Other 
changes were as follows: pNLASDl, 756 A-*T (a silent change 
in the packaging signal); pNLASA4b, 6002 C-*T (Tat A->V, 
Rev L-*F); pNLASAS, 6143 A-^G (Env E->G); pNLASA6, 
6695 T-*C (Env F-HL); and pNLASA7a+7b, 7361 T->C (Env 
F-*L), 8069 C->A (Env L-»M), 8107 G-^T (Env W—C), and 
8321 T-»C (Env S->P). Several other proviral splice site 



mutants were sought; the resultant plasmids proved to be 
unstable, however, precluding their functional analysis. 

Cell culture, transfections, and infecti ns. HeLa cells, main- 
tained in Dulbccco's modified Eagle's medium supplemented 
with 10% fetal calf serum (FCS), were obtained from the 
American Type Culture Collection. GEM (12D7) cells, main- 
tained in RPMI 1640 medium with 10% FCS, were obtained 
from Microbiological Associates (Gaithcrsburg, Md.), as were 
peripheral blood mononuclear cells (PBMC), which were 
stimulated with phytohemagglutinin (0.25 u>g/ml; VVellcome 
Diagnostics, Dartford, United Kingdom) for % h and grown in 
RPMI 1640 with 10 c /r FCS and 10% interleukin-2 (Pharmacia 
Diagnostics, Fairfield, N.J.). HeLa cells (5 X 10 5 ) in T25 flasks 
were cotransfectcd by the calcium phosphate coprecipitation 
technique (57) with 20 jig of proviral plasmid DNA and 0.5 u.g 
of a human growth hormone reporter plasmid, pXGH5 (10); 
transaction efficiency was determined by a radioimmunoassay 
for human growth hormone (Nichols Institute, San Juan 
Capistrano, Calif.). Virus production was monitored with an 
assay for reverse transcriptase (RT) activity, using [ 32 P]TTP 
incorporation with an oligo(dT) • poly(A) template (59). Cells 
(2 x 1(F) were infected with 10 s cpm of RT activity of an 
HIV-1 inoculum (approximately equivalent *o a multiplicity of 
infection of 0.002) in 1 ml of RPMI 1640 for 2 h at 37°C before 
addition of 4 ml of RPMI 1640 containing 10% FCS. The cells 

. were fed with RPMI 1640 containing 10% FCS at 2-day- 

.intervals, and aliquots of; the > medium were assayed for RT. 

'activity, ,v *r./-;V;lV ; ' :V - " > * . : >r 

Isolation of HIV-I mRN A, preparation of cDN A, and semi- 
quantitative PCR for spliced HIV-1 rnRNA. Total cell RNAv 
was harvested i^by: ! extract ion ; with; « RNAzol; (TelTest; Inc.;^ 

i ? Fricndswood^Tex:y I6op36 h after3transfcctiori v of HcLacells^ 

.or immediately prior toahe pe 

infection of approximately 5 t ,x 10'* infected human PBMC; 
;poly(A) + RNA was; ;sclccted^by ; the Micro-Fast track oli-V 
go(dT.)-cellulo^^ 
synthesis,^ either. ; p6lyCA)^ 
(sec- 

, . hcxarqcf^ : y ^ bjc fore Reverse; transcript ibn*^ fwd^ 

/timcs^fo^ leukchiia.Jvirus;R^ 
- cycle Mi (I nvitrbgen ^Semiquantitat ive PC^ of cDN/$ 

from thev4 ;8-kb class^of RNAwas performed wi th J oligonucle- 
otide prime rs^Ga P .()45 (5 -CTG AG^GTG©^ 

^Gfe? 1 ; * positions J&lS&AM^ aria" O&f^/fa®^^ 
ATCGTCG^^ positions ?84*7; to ^8); ioritH& * 

4.0-kb' dass^d^RNA? j3nrners ■ OcIplO^ ^nd: Oapi070 ; (5^ 
ACTATTGCTATTATTATTGCTACTAC-3';' positions 6094 
to 61 15)'wcre used. Twenty cycles of PGR were -performed 
with I U of Amplitaq (Pcrkin Elmer Cetus, Noirwalk, Conn.), 
2 ul of first-strand cDNA, 0.2 mM each d ATP; dCTP, dGTP, 
and dTTP, and I u,M each primer in 10 rriM Tris-HCl (pH 
8.3)-50 mM KCI-1.5 mM MgCU-O.001% (v^vol) gelatin by 
first incubating the mixtures for 5 min at 94°C and then 
subjecting them to thcrmocycling (94°C for 1.5 min, 55°C f r 1 
min, 72°C for 2.5 min) before finally incubating them at 72°C 
for 7 min. If the DNA concentration in a reaction mixture was 
less than 10 ng/uJ, as assessed by agarose gel electrophoresis, 
aliquots were sequentially rcamplified in steps of five cycles 
after dilution 1:4 with fresh reaction mix to maintain linear 
amplification. Amplification products (100 ng) were radiola- 
beled by performing a single round of PCR as before but with 
addition of 10 ^Ci of [^PjdCTP and subsequently analyzed by 
electrophoresis on a 6% polyacrylamide-urea gel at sufficient 
current to maintain a temperature of 65°C; bands were visu- 
alized by autoradiography or quantified with a Fujix BAS 2000 
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Bio-image analyzer. An Mspl digest of pBR322 was end 
labeled and used as size markers. Controls used in PCR 
experiments included cDNA from mock-transfected and -in- 
fected cells and poly(A) + or in vitro-transcribed RNA (below) 
that was not incubated with RT during the cDNA synthesis 
reaction. 

Analysis of PCR products and cloning of HIV-i cDNAs. 
Bands were excised from the PCR gel, eluted in 0.5 M 
ammonium aeetate-lOmM magnesium acetate-! mM EDTA- 
QA% sodium dodecyl sulfate (SDS) for 16 h at 4°C, and then 
precipitated with ethanol before rcamplification with the same 
primers. After it was confirmed that tne PCR product migrated 
as a single band, residual primers were removed with a Magic 
PCR Prep column (Promega, Madison, Wis.), and the product 
was directly sequenced by using end-labeled nested oligonu- 
cleotide primers in the dsDNA Cycle Sequencing System (Life 
Technologies, Inc., Gaithcrsburg, Md.). Purified PCR bands 
were also cloned into the pCRII vector (Invitrogen) so that the 
sense strand was downstream of the T7 promoter sequence, 
and the identities of clones were confirmed by sequencing. 
HIV-I cDNA clones were linearized with Sjw\, extracted with 
phenol and chloroform (5(K£, vol/vol), and precipitated with 
ethanol, and RNA was transcribed in vitro by using T7 RNA 
polymerase (Promega). The DNA template was removed by 
digestion (twice) with RNase-frce DNase (Promega), and the 
RNA produced was directly quantified by spectrophotometry 
or density scanning -of bands' following agarose gel electro- 
phoresis. Selected in. vitro-transcribed RNAs were dilutcd{and 
then mixed in known' 'proportion a^oritroLs i; fbr- subsec^ent 
c&tiA synthesis anif PCR amplification: 1 v ' ') v ; 3 '< <■ 
^ Analysis of HIV-I proteins. LysatelT were prepared from 
-transfer cells ^rml) in 03#Nomdet 

PMO i#MO^m!vl;Tris-HCI (pH 7:4j-l^mM-Naa-l v mM' 
EDTA-1 mM phenylmethylsulfonyl fluoride. Different amounts 
of the cell lysate, standardized on trie basis; ^ 
"hbrmoric' activity/wefe'separated brTSDS^S ^ 
amide gfadicrit g^ 

brancs<;(MilH^ Mass;j; ; and*" 6ldcfed ; with^ 

powo^rbd^ skim toUl^iiv phosphate-butere^ 
prMeifts^ using s%rumf(f:i from* an 

HIV-M -scropdsit individual, or rabbit:Sc 
mihal peptide' (1:i 00) (21) or to purified NL4-3 gpl 60/120 
|. t (f wiih;^l-iabej^(l cprp^ih $y\ 

aut;oja$ 

cells 'werp hiriwnih^'ti^iillv hihnlf»H WitK ir^Qlm^*lii*Afi;rii>MP»rc: 



competing SA sites. SA4a and SA4b (Fig. IA), mapping fewer 
than 200 bases downstream from SA4, give rise to exons 4a and 
4b. which are spliced to exon 7 to generate mRNA for Rev 
(Fig. IC). Another competing splice site, SA5 (Fig. I A), is used 
for the expression of exons 5 and 5E (Fig. IC); RNA species 
that contain exon 5E encode envelope gploO, and those 
splicing exon 5 to exon 7 encode Nef protein (15, 47). The 
translation initiation sites of mRNAs using SA4a, SA4b, and 
SA5 have poor ribosome binding capacities and therefore have 
the potential to be multicistronic: mRNAs containing exon 
5E, 4aE, or 4bE encode Vpu and gpl60 envelope proteins, 
whereas transcripts joining exon 4a or 4b with exon 7 encode 
both Rev and Nef (15. 47. 48, 53). This increases the coding 
potential of several HIV-I mRNAs and the complexity of 
HIV-I mRNA pool. Further complexity results from the 
interchangeable incorporation of two noncoding exons, exons 
2 and 3 (Fig. IC), into the spliced RNA species utilizing any of 
the downstream SA motifs. 

PCR protocols using primers that promote amplification of 
limited subgroups of RNA have been used in conjunction with 
selective hybridization probes to map SA6, SD5, SA7a, and 
SA7b (Fig. I A) within em\ thus generating framcshifting exons 
o, 7a, and 7b (Fig. I C). These exons may generate novel 
chimeric Tat-Env-Rev (Tev or Tnv), Rev-X-Tat, and Tat-Env 
fusion proteins following transfectionTinfcction by some dcriy- , 
natives of the HIV-1, Al strain (5, 15, 46, 47). These arc merely 

•-' crypticsites in the Hiy-l Ni 4 . v gem>me\(^ 

v f role during HIV-1 replication is not clear (16). :V V m- s ^5 
Semiquantitative PCR analysis of spliced HIV-I mRNA. : 

s 'Since ^rthcrn(RNA^^ 

i distihguishnhefulj array of alternatively spliced RNAsencodv. 
^ ihg the Carrie : Viral^prdteiii^We used a sensitive semiquantitative 
PCR assay and urea-acrylamidc gelianalysisihat discriminated: 
• between RNA species d i ffering in size ,by a singlcj nuclcot ide. 





v produced in E0ieridiici coli (1:100) (gift from D.M Q'Agosti- 
no arid G.'N. Pavlakis). Levels of Rev functional activity were 
measured as described previously (24) by cotransfecting 0.5 p.g 
of the -pDliU'28 Rev reporter plasmid with 20 u,g of proviral 
plasmid and 0.5 u,g of pXGH5 human growth hormone 
reporter plasmid and then assaying for chloramphenicol acetyl- 
transferase (CAT) activity on cell extracts that were standard- 
ized for growth hormone expression. 

RESULTS 

The selection of different competing SA sites in primary 
HIV-I transcripts leads to the alternative exon composition of 
fully processed mRNA (Fig. 1). For example, functional Tat 
protein, a transactivator of HIV-I transcription (8, 35, 40. 51). 
is expressed from the two types of mRNA using SA4 (Fig. 1 A): 
RNAs containing exon 4E, which is continuous from SA4 to 
the poly(A) addition site (one-exon tat), or transcripts joining 
exons 4 and 7 (two-exon tat) (Fig. IC) (45). Two other 



mc^ctinia^fr:^ i^/By using ; 
V: :j>ntTne^ i: 

* : ' 

multiple^ 

v : ,^rior/t6. thc ^aic^f^RT production; are shown In! Ffg. ^ipmii 
E. \Eac^ bands was excised from - the get 

rcarriplifiedrand directly sequenced. Several representative 
"'cDN A* 'clones;^ were also introduced into the 

pCRl^vcc^ a T7 promoter adjacent to the 

cloning site, and also sequenced. To ascertain whether the 
relative quantity of the PCR-amplificd cDNA bands visualized 
on the gel faithfully represented the relative levels of the 
various RNA species isolated from infected cells, plus-sense 
HIV-1 RNA was synthesized from eight different cDNA clones 
in vitro by using T7 RNA polymerase, directly quantified, and 
then mixed in known proportions. Included among these 
RNAs was one, designated cryptic, from a cDNA clone 
containing exons 1, 2x, 5, and 7, where exon Z\ reads through 
SD2 to a cryptic SD at position 5059 in \if. The RNA mixtures 
were then used as templates for cDNA synthesis and PCR 
amplification, and the : P-labeled PCR products generated 
were analyzed by phosphoimaging (Fig. 2). We found that the 
proportion of radioactivity measured for each cDNA band 
closely matched the proportion of RNA added to the mixture 
prior to cDNA synthesis (Fig. 2A). Thus, each cDNA reverse 
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transcribed fiom the in vitro RNA was amplified with equal Relative abundance f the alternatively spliced HIV-1 

efficiency with use of the Odp,045-Odp.032 primer pair. mRNAs. Since PCR amplification of HIV-1 cDNA preserved 

PCR analysis of the 1. 8-kb class of mRNA was performed on the relative proportion of the various alternatively spliced 

samples from HeLa cells transfected with HIV-1 proviral forms of HIV-1 RNA, we used phosphoimaging analysis to 

clones or from human PBMC infected with cell-free HIV-1 directly determine the relative abundance of each of these 

(Fig. 2B). RNA directed by the pNL4-3 cloned provirus DNA RNAs in a spreading HIV-1 NI>I , infection f PBMC (Fig. 2 

in transfected HeLa cells or by HIV-1 NL40 in infected human and4). Within the 1 .8-kb class of HIV-1 mRNAs (Fig. 4 A), nef 

T lymphocytes yielded the same pattern of bands in numerous re\\ tat, and vpr species existed in a ratio of 56:34:9:1; within the' 

independent experiments irrespective of whether RNA was 4.0-kb class (Fig. 4B), env, tat, vpr, and w/ species existed in a 

synthesized following transfection or infection. A similar band- ratio of 92:5:2:1. Of the nef mRNAs, nef2, which includes 

ing pattern was also observed with RNA prepared from PBMC noncoding exon 5 flanked by SA5 and SD4, was the predom- 

infected with HIV-1, Al (Fig. 2B, lane iO). The results pre- inant type, comprising 49% of all nef RNA and 28% of all 

sented in Fig. 2 demonstrate that HIV-1 RNA is spliced 1 .8-kb RNAs. nef RNAs containing noncoding exon 3 (nef4) or 

equivalent^ in transfected HeLa cells and infected PBMC and 2 (nef3) or both 2 and 3 (ncf5) were present in decreasing 

that the splicing pattern is similar for closely related strains of amounts. Nef 1 RNA, which lacks a noncoding exon, was the 

HIV-1 such as NL4-3 and LAI. least abundant /ze/mRNA. It is unclear whether the nontrans- 

Thcsc control PCR amplifications also illustrate two other lated RNA from exon 5 contributes to function, as the nef 

important points: (i) for each RNA mixture, the relative gene has not been evaluated as an RNA element, only as 

proportion of the different amplified RNA species, as deter- protein. 

mined experimentally, closely approximated the original pro- In contrast, the predominant spliced mRNAs for the other 

portion added, and (ii) only PCR products deriving from input HIV-1 proteins lacked noncoding exons. Only 20% of rev 

RNA were detected on the gel, indicating that only RNAs mRNA includes a noncoding exon, and the use of noncoding 

spliced by genuine processing pathways gave bands in this exon 3 (rev7, rev8, and rev9) or both exons 2 and 3 (r vlu\ 

analysis. Abnormal cDNA species, potentially arising by .tern- rcvl I, and rev!2) predominates over use of exon 2 alone (rev4, 

plate jumping during reverse transcription of RNA, did not rev5, and rev6). In addition, rcvl and rev2 mRNAs, utilizing 

appear as bands on the final autoradiogram. :Tlius^thevPCR . SA4a and SA4b, respectively, occur approximately fivefold 

protocol used here accurately reflects the relatjve^uantirV.of: u .more frequently than rev3 rh RNA; which uses 'the previously 

;pne HIV-1 RNA species compared wM^ ^unreported SA4c. Both the oneYa^ 

£ahe same reaction. ^£ . (l.S-arid^O-kb c^ 

'^identification of 

PCR analyses^ viral RNA;synthesizedjin transfected HeLa when a fat mRNA contained a nontodihg exon; e)bn f 2: ; was^ 

-cells and infected PBMC indicated the presence of a previously ^predominantly-^ 

unreported competing SA site, designated S^ two-exon fo^ 

to generate three novel rev mRNAs, rey3,iev6, and rev9 (Fig; t determined here, since? the assays for ;: the 1.8- and 4.0-kb 

v ID), and three novel mRN^ merely semiquantitative a^ / 

;(Fig. IE). The SA4csite is 1 8, nucleotides (ntH ■;*i; r py.V*M^ 
> SA4a and is conserved among most, but-hot all, HIV-I isolates - > ' ? : . Eighty perrerit ftfem^RNAs ^ use SA5Kexbn^E);*how^ve ; ir^ 

s(Fig.;3) ; The : 5A4c splice site exists;iri*«^ l ; 2%'fcf#^ 

^J^t/^ strainsoised jn earlier studies ' ; ;;^SA4a^SA4b -iqi-jSA^c (exon 4aE;4bE; l bn&^ 

gapping Jhe^ j;exortef2 

noted;(3 ; 15, 18,;35,;43y47), Since no riew:translatiq^ < used&hifarlowy^ 

sites Mret introduced - into m RNAs fusing SA4c^ transcripts^ conjuhctio^ 'eriV^kni^'ert^^^ 

^containing exons^c and 4cE would stin.ehco^e^ical HW-1 clearly :fi'dCTli^ 
;I?ev;pr;Eriy 

into i^jicse in RN^ may affect their trr 11 * - * 
'codpn^ 

P^"^"^ context unfavorable for effident trai^lation (30). - ri^ but is in^ 



FIG. I. Identification by RT-PCR of alternatively spliced HIV-1 mRNAs containing a variety of exons that arise from the existence of 
numerous splice junctions encoded in the HIV-1 genome. (A) Map showing the locations of the SD and SA sites in the pNL4-3 proviral molecular 
clone of HIV-1, with each position shown in nucleotides from the start of the 5' long terminal repeat (LTR). The SD and SA sites are numbered 
as done by Schwartz et al. (47). (B) Organization of the HIV-1 genome. Open boxes show locations of the open reading frames that encode the 
HIV proteins. (C) The different HIV-1 exons generated from the use of different combinations of SA and SD motifs during RNA splicing are 
shown as bars and numbered as done by Muesing et a!. (35). Exons represented by gray bars were not found in any of the RNA species examined 
in these studies. Exons 1, 2, 3, and 5 do not encode HIV-I protein, and those numbered with an E read through SD4 into the env gene. (D) The 
various HIV-1 mRNA species falling into the 1.8-kb size range in Northern blot analyses were distinguished by acrylamide gel analysis of 
PCR-amplified cDNA, using primers Odp.045 (positions 477 to 499) and Odp.032 (positions 8477 to 8498). A representative gel from PCR analysis 
of RNA from pNL4-3-infected PBMC is shown. The distinct HIV- 1 RNA species were identified by direct PCR sequencing of excised bands a;«d 
by cloning, and the identity, exon content, and size of the PCR product are shown. The mRNA species have been named according to the principal 
protein that they encode and by their size, with the smallest RNA as I. Faint bands were visible on longer exposures of the autoradiogram. rev 
mRNAs are bicistronic and also encode Nef (15, 48, 49). (E) Representative acrylamide gel from PCR analysis of HIV-I mRNA species falling 
into the 4.0-kb size range from pNL4-3-infected PBMC, using primers Odp.045 and Odp.070 (positions 6094 to 6115). The identity of each RNA 
species, determined by direct sequence analysis of excised bands, is shown with the exon content and size of the PCR product. RNA species not 
matched to a band on the gel were difficult to detect except on very long gel exposures and were not quantified above the background level in 
phosphoimaging analysis. All env mRNAs are multicistronic and also encode Vpu and Nef (48, 49). 
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FIG. 3. Location of SA4c, a new SA site for w and vpulenv mRNAs. Shown is alignment of nucleotide sequences of several HIV-1 isolates 
surrounding the new SA site for rev and vputenv mRNAs, SA4c (adapted from Myers et al. |37|). 
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FIGi 4: Structure and relative abundance of each alternatively -spliced HiV-1 mRNA. (A) Splice sit^usageof the ll&kb class of HlV^mRNA 
amplified by PGR orrandomly primed cDN A, using primers Oelp.C45 and Odp:<)32. (B) Splice site usage of the 4.0-kb class of HI V- 1 - m RNA 
amplified, by PCR of randomly primed cDNA, using primers Odp.045 and Odp.070. The solid boxes raised, above the line represent the regions 
of retained RNA. Shown,at the right of each panel isjtie, relative proportion of each mRNA species quantified by phosphoimaging from bNL4i3 
virus infections.of PBMGr.using semiquantitative PCRJanaiykis|fqr the 1.8- and*4.()-kb classes of R^IA. I n general; values less than 1 were riot 
measured at levels significantly above background arid Were recorded -as zero: howeverhhc existence of these cDNA species was evident oh lone : 
f'EereXDOSufes"; •;'-f--7- r ^<--\ = /' ■ < ■ * : s'^< * %, v.-;- <<;P - 



gel' exposures; 



'RNA ih'infected MT : 2 cells (50). No e^enc^ was founder a, / 
\if RNA among trie 1.8-kb species that spliced SD4 to *SA7 
(vifl); ; I ; ^ ^ -l- :-': - - : -'.> : : . -' 
r ; Splice site mutants of pNL4-3. During 'HIV^l mRNA^lic- ' 
ing;^ the; cellular spliceosome cleaves at GT and AG dinfrcle- 
otides within the SD and SA motifs, respectively; Several of ; 
these highly conserved dinucleotide motifs present injthe 
pNL4-3 proviral DNA clone of HIV-l were replacedCwith 
different dinucleotides to block RNA splicing, using a PCR- 
based- strategy (Fig. 5). Seven site-directed provirus mutants 
were generated by inactivating (i) the constitutively used major 
splice donor, pNLASDl; (ii) the competing splice acceptor for 
the first coding exon of rev, pNLASA4b; (iii) the competitively 
selected major splice acceptor for em and vpu, pNLASAS; (iv) 
the cryptic splice acceptor within env purportedly used to 
generate the Tev protein (5, 46, 47), pNLASA6; (v) SA7a, the 
most 5' of two conserved cryptic SA sequences mapping 34 and 
28 bases upstream from the second coding exon of tat and rev, 
designated pNLASA7a; (vi) both the SA7a and SA7b cryptic 
sites, pNLASA7a+7b; or (vii) both of these in combination 
with SA7, the constitutive SA for the second coding exon of tat 
and rev, pNLASA7+7a+7b. Some of these mutations also 
altered an amino acid codon(s) overlapping the splice site 
(Materials and Methods). The integrity of all mutant proviral 
clones was confirmed by nucleotide sequence analysis of the 
reconstructed regions. 
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FIG. 5. Base substitutions introduced into SD and SA motifs of the 
pNL4-3 proviral clone of HIV-l. The consensus motifs of mammalian 
SD and SA sites are shown at the top. with the essential two 
dinucleotides of the motif shown in outlined font. These dinucleotides 
were changed in the pNL4-3 proviral clone to the bases shown in 
outlined font so as to inactivate several SD and SA sites. Arrows 
indicate the point of cleavage and ligation of RNA during splicing. 
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FIG. 6. Some HIV- 1 splicing mutants direct the synthesis of an 
altered profile of HIV- 1 protein. Western blot analysis of HIV- 1 
protein detected with patient serum from HeLa cell lysates was 
performed 4$ h (A) and 72 h (B) after cotransfeetion of 0.5 u,g of a 
growth hormone reporter plasm id with 20 u.g of wild- type pNL4-3 
(lane I), with RNA splice mutant provirus pNLASDI (lane 2). 
pNLASA4b (lane 3), pNLASA5 (lane 4), pNLASAft (lane .5). 
pNLASA7a (lane 6), pNLASA7a+7b (lane 7), or pNLASA7+7a + 7h 
(lane 8), or with reporter plasmid alone (lanes 9 and 0). The volumgof , 
cell lysate was standardized for transfection efficiency acairding tiihthe' 
.determination of huWah]gr()wih hormone in the culture supernataj^ls. . 
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> Protein synthesis by splicing mutants of HIV-1; Irvnhc : first 
H^group ofexpenmc^^^ 

; viral vprptcin ^production -were assessed by Western 'blpttijpg 
t .(immunoblotting) lysates from transfectcd HeLa cells,.using.an 
- AlOS;pat-i£:jri t *s; scr^u rn :gAK shown " i n Fig. 6, each, of the(mutants 
vjiic^ directed the ;synthesis rC 6f |Hc ; sifme; 

> complcm^ as did wild-type- "pNL4r3^ with 
- 1 he j following except ions. Mutation of\SDkcaused a. marked 

v ."decrease in ^thejquaritity of viral proteins accumulating in HcJLa i 
cc I l's\du r i hg{t he fi rst.48 h despi tc t ransfect ion c fficicricy cquivr 

> pleht : to I that oKthc wiid type, as measured; by cbexpiression|of 
' a humah growth horrribnc expression plasmid (Fig. 6A, lanes 1 
.ahcLZ^B^ transfection; however, HIYrJ pro^in 

, a^ 

. parab^to,thc,wild-t^ level (Fig. 6B; lancs;i and iji Mutatipn 
; of SA4b, used 

.consistchrand substantial . elevations of .gp 160/ 120 levels com- 
pared with the wild type (Fig. 6A, lane 3). In contrast, Hhe 
mutation of SA5 markedly reduced, ;but did not eliminate, 
gp!60/l20 production (Fig. 6A, lane 4). Mutation of SA6 (for 
lev mRNA) and the SA7a or SA7a+7b cryptic splice sites (for 
the second coding exon of tat and rev) had little if any effect on 
HIV- 1 protein synthesis (Fig. 6A, lanes 5 to 7), indicating that 
these three SA sites (and exons 6, 7a, and 7b) play no 
significant role for HIV-1 protein synthesis in transfectcd 
HeLa cells. In contrast, mutant pNLASA7+7a+7b, which 
contains a triple splice site mutation including SA7, the 
in- frame acceptor used constitu lively for the second coding 
exon of lot and rev, directs the synthesis of a markedly altered 
protein profile (Fig. 6 A, lane 8), similar to that previously 
reported for Rev-deficient HIV-1 mutants: minimal levels of 
p55, p24, or pi 7™ protein and no detectable gp 1 60/ 1 20 (12, 
14, 20, 33) accompanied by a novel and abundant 20-kDa 
protein that reacted with Tat antiserum (data not shown). No 
increased accumulation of HIV-1 structural proteins was noted 
at later times (72 or 96 h after transfection) despite the 



FIG. 7. HIV-1 proviruses mutated at cryptic splice sites synthesize, 
a wild-type profile of RNA. Semiquantitative RT-PCR analysis of the 
l.S-kb class HIV-1 RNA fmm HeLa cells transfectcd with 0.5 p-g of 
reporter plasmid atone -'(lane 2) or eotransfected with 20 u,g of pNL4-3>* ( 
(lane'-3J|*;or;;RlVfC^ mutant pNLASDl (lane' 4j,v. 

-pNLASA4H "(lane "5;)^pNL^SA5 (lane 6), pNLASA6 (lane ' 7]& 
-pNlilSA?^ (lane 9) % or pNLASA7+7a+7|fc 

; (larie^ojl^n A/v?I ujgcst^of^BR322 is shown on the left (lane I) as a**; 



4 ^ size marker.^., v - - 1 



•4'./?- 



expression^ ofjeyels u£total, cellular. HIV-1 RNA .similar tp^ f 
; >vil d:-type {je^l s jby^Nort 

/Tcstilts ^ >suggest^ thaU mutant; pN LAS A74- 7a>f 7b - failed t& e*|* 
''press^functiprjal^^ resulted in trcduced amounts' bt^*?. 

Rev-depehden t- cytopl asm ic m R N As ,e nedd ing ^.Gag and $Eny± i 
• proteins^r<;^;-(-n^ -U'-^V'^- v-'" w:s-* ^^.i^y^^^i^.^i^r^i^-i*/^ "K^.^ 
mRNA analysis from; cryptic ; splice site mutants of HIY-li> 

;Whcn:\the? 1 l84;b|;clas*^i^V RI^J A From , Hel^lcd 

with HIVM pfoviral^DNA clones contain 

t ions; waiijanalyzed;, it ^was clear 1 that scye ral expressed ;the same^ ; 

RN^-patic^^ 

■mutants ^Nj^S 

indistihguhhable;from^ Ianw^7^;to.v9)^-j 
indicating thau the" SA6; ;SA7a, andrSATb; sites arernot used 
with significant- frequency by HIV-I N |^.v even though it isV 
virtually identical to HI V- 1 , the ..strain in which these 
splice sites were originally described.rFurthermore, no cDNAs 
using the SA6, SA7a, or SA7b splice sitc^were ever detected 
among the PCR-amplified bands that were directly sequenced 
from cells transfectcd or infected with derivatives of HI V^, or 
HIV-1 NI 4 .„ and no clone generated from these PCR-ampli- 
fied cDNAs could be shown to utilize these splice sites. Thus, 
the SA6, SA7a, and SA7b cryptic sites are used extremely 
rarely, if at all, and may be active only in the HIV-1 ^ 
derivative HIV-l MXlJ2 . 

We found that careful selection and testing of PCR primers 
was required, in conjunction with the use of poIy(A) RNA 
and nonspecific cDNA priming, to avoid the amplification of 
aberrant cDNAs. Our semiquantitative PCR assays depended 
on equal use of all the HIV-1 RNA species in either the 1.8- or 
4.0-kb mRNA classes as competing templates for amplifica- 
tion. Other protocols may selectively amplify transcripts using 
SA6, SA7a. and SA7b (47): reports characterizing the se- 
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FIG. 8. An altered profile of spliced RNA is synthesized by HIV-I 
provirus mutated at constitutive or competing splice sites. Shown is 
semiquantitative RT-PCR analysis of Ihe l.8-kb class HIV-I RNA (A) 
and the 4.4- to 5;5-kb class of HIV-l RNA (B) , from. HeLa cells 
transfected with 20 u-g of pNL4-3 (lane ij or HIV-l >RNA splicing 
mutant pNLASDI,(lane -2); pNLASA4b (lane 3)/pNLiSA5;(lane 4), 
or pNLASA7+7a+.7b ^ (lane 5)7* — - .' y y 1 ^:':'^ V 



queiice of/cDNiA clones around jHeJSA7^^^ . 
using hybridization analyses of cDNAV(5()y aisb failed to 
"detect usage of : SA7a or^SA7b. ? ' vS^V£^ : C 
. Analysis of m RNA fronr HIV-l wth jnu&itetf , ^constitutive 
and competitive spHcesta^^ 

^ransfeclea wt^.^ta^pNLASD! HadTa jpattera^r^ similar , 
. that ^ with; a.iH^tjy^ 

.^Jjlip^ 

; sequ^ PCR bamds "as;well '.'as'; several, 

indiyjidual ^cjDNy\ ^ clones' indicated ;thitf ^spliced CRN A i-f rom " 
rjNLASDl, used a,Gj/diniicleotide 4 nt downstream 
instated Jmajor SI^|constitutive SD I) sitt^ . 
:in i J tK|s;MHji^- i; ^ The HlV^f pro^^s translated '] 

^fr^^ were'indistm 
^SjiHjyik (FigV 6)J6ut the rate of sp!^ 
'tranknpts may be slower, perhaps explaining the delays in ; 
, protein expression previously observed. This cryptic SD (incor- 
rectly annotated as the major SD in the alignment of this 
region by Myers et al. [37]) is strongly conserved among 'all 
HIV-l isolates. Because the cryptic SD1 site may be used only 
when the genuine site is inactivated, it is likely that the strong 
conservation of this alternative splice site results from addi- 
tional selective pressures. Nevertheless, its existence greatly 
reduces the possible loss of virus infectivity due to a sponta- 
neous mutation affecting the major SD that would otherwise 
block the production of functional spliced mRNAs. 

The cDNAs amplified from the remaining mutants differed 
from the pNL4-3 wild-type pattern (Fig. 7 and 8). For the 
provirus mutant inactivating the constitutive SA7 for the 
second c ding exon f tat and rev, pNLASA7+7a+7b, every 
cDNA band clearly differed in size compared with the wild type 
following amplification of the 1.8-kb species of HIV-l mRNA 
(Fig. 8A, lane 4); the overall pattern was similar to the 
wild-type pattern except that each band had a faster electro- 



phoretic mobility. A direct sequence analysis of these PCR 
bands and sequencing of individual pNLASA7+7a+7b cDNA 
clones indicated that all used an AG dinuclcotide situated 20 
nt downstream from SA7 as the alternative SA site: this 
resulted in cDNAs that were 20 bases shorter than the wild 
type. The activation of this cryptic downstream SA site, 
however, precluded the generation of mRNA^ capable of 
encoding a functional Rev protein and rcsultedln an immu- 
nohlot devoid of HIV-I structural proteins (Fig. 6A, lane 8). It 
should be noted that all of the wild-type 1.8-kb spliced RNAs 
were transcribed as truncated species by mutant pNLA 
SA7+7a+'7b except for the nefl RNA, which was not detected 
on the autoradiogram shown in Fig. 8A. The cDNA bands 
obtained for pNLASA7+7a+7b after PCR for the 4.0-kb 
mRNA were identical to those of wild-type virus, indicating 
that RNA splicing to SA and SD sites upstream of SA7 was not 
affected by the absence of functional two-exon Rev protein. 
This finding demonstrates that Rev is not required for splice 
site selection in HIV-I RNAs; however, protein express! n 
from RNAs containing an RRE clearly requires functional Rev 
protein. ^ 

Mutation of each of two competing SA sites, SA4b and SA5, 
caused a different usage frequency for neighboring SA sites but 
not the activation of any cryptic sites. The first competing SA 
mutant, pNHSA4b, failed to generate bands for rcvl (Fig. 8A, 
lane 2), rev4, rcv7„and , revlO (evident after long gel exposures; 
not shown) following PCR fwith primers for Vlie i v l :8^b; mRNA. 

, species and for env?i;(Fig§8B; Jane 2), cnv6, cnvl0,;and ehvl4 
(evident after long gel; exposures; not shown) ^'afier PGR with 

, primers for the ,4;0-*kb mRNA. The 'failure* to detect these 
bands was consistent with |hc absent 
mutagenized SA^b sitc./^AII other cDN/\s amplified ; ;frbm 
,pNLASA4fr:W cfclN^f.Tfe^pN^ 
pattern associated with the second competing' SA mutant, 
. pNLASA5,- lacked scveralipredominanl hef species (nef2, nef3„ 
ncK and -nefS ^after^^Cl^r^hc; li8 : k^m^ 

; 3), as , well • asV^ I;vcn^ 

;;;envi3jkaft^ 

\ reflecting "the ^bscrice ^p:RNAs splicing^toji^ 
^S^silc^^ 

j:.*usc:[pj£S^ &A4q ftsujtinj^^ 

\ r> Icyel^fUrcyfi lv tat2; I&3v't3^ 

,teny2, A cnv3 ? :and^^ ; .^^vv-v/.^v^ ■ 

. , ; Trafislatio^ of altered I^A profile ^ \ 

■ ^petitiyje^spii^ pusing^th^; 
'\ competing Sy^ 
/Pistronic^^tentially coding 

(15; 48; 49)i we examined the effect of altered proportions of 
HIV-lv. mRNAs on protein expression (Fig. . 9). Mutant 
pNLiSA4b directed the synthesis of a significantly increased 
,jevel:of envelope gp 160/ 1 20 and Ncf but decreased amounts of 
, Rev compared with wild-type provirus (Fig. 9A to C, lanes 3). . 
Because Rev protein plays a prominent role in regulating the 
level of gp 160/ 120, we evaluated Rev functional activity by 
measuring the Rev-dependent rescue of CAT activity following 
cotransfection of pNLASA4b with the pDM12S Rev reporter 
plasmid (Fig. 9E and F) (24). Again, Rev activity directed by 
pNLASA4b. as measured in this assay, was lower than that 
directed by wild-type pNL4-3. Thus, the observed elevation of 
gp 160/ 1 20 was not due to any increase in Rev activity. Signif- 
icantly, the expression of both Rev-dependent gpl60/120 and 
Rev-independent Ncf proteins were increased in similar pro- 
portions. These proteins share SA5 as the predominant com- 
peting SA for their mRNAs. Thus, the increased synthesis of 
gp!60/12() and Ncf from the pNLASA4b mutant most likely 
reflects the increased use of SA5 (and SA4c) and results in 
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FIG. 9. Translation! consequences of alternative usage of competing splice sites by mutant HIV-1 proviruses. Western blot analysis with rabbit 
serum to gp 160/ 120 (A) or Nef (B) and immunoprecipitation with rabbit serum to Rev from He La cell lysatcs prepared 48 h after cotransfection 
with 0.5 jig of human growth hormone reporter plasmid alone (lane 1) or with 20 p.g of pNL4-3 (lane 2), pNLASA4b (lane 3), or pNLASAS (lane 
4) (C). Lysate volumes were standardized according to human growth hormone determination. Functional Rev activity was measured with use of 
the pDM 128 Rev-dependent reporter plasmid of Hope et a].: (24) (D) by measuring the amount of CAT activity rescued due to Rev^RRE 
interaction af^ cotransfecting the indicated amounts of. plasmids pD with 0.5 u,g of human growth , 

hormone i re^rter plasmid (E). The percentage of chloramphenicp^(CM) converted to the%etylaied/f6rms (AcCM) is shown at the bottom: SVW 
^imian^^ - ' '■>■ > ; 



1 



% ; ihcreasedPsy^ both proteins. This occurs i djeaphe fthe^~ i , 

loss of mRNAf species using SA4b which encode ^Rev.VSirice 
increased :.uM;;of t SA4c_ does not prevent the.redu^ion;pf^ev, : , 

^^^e^iphgif ^jijkejyUhat vmulticistrqmc.m^ /;. 

:; : are\ies>^ expression tnan-ipr^^efdiis^'l 60/j 20; ■ '[ * 

;;.^{iel^ ^NMSjSlS^ express; very low 

J^ejs df ^l6Q/\2^:mk r^Ief protSns; b 

^winnp^t^^Jw pNL^ f-J 

;j;Ele^e|l^R^^ was/'als^me^i^^ of , J ■ ; 

Rev^e^nSenr |6w 
ieypftii^ did?n^esult fr^ ^ 

^in^Re^f^^ 

Htronic ^v2,^p^ m|^ at 

relatively increased; levels in cells traris^ 
compared with the ^ lanes 1 and 3). 

This result indicates that the multicistrohic ewv mRNAs ;are 
markedly less competent for gpl60/l 20 expression than is envl. 
pNLASA5 also fails to synthesize the major nef RNAs (nef2, 
through nef5; Fig. 4), although the levels of the nef 1 cDNA 
species, which results from splicing of SD1 directly to consti- 
tutive SA7, were equivalent in the pNLASA5- and wild-typc- 
transfected cells (Fig. 8A). This low expression of Nef protein 
indicates that the increased amount of bicistronic rev/nef and 
emVne/ mRNAs encoded by mutant pNLASAS fails to com- 
pensate for the loss of the predominant monocistronic nef 
mRNAs. The elevated levels of Rev protein observed demon- 
strate that the bicistronic rev/nef and env/nef mRNAs enc de 
Rev with significantly higher efficiency than Nef. 

Infectivity of splicing mutants of HIV-1. The ability of the 
HIV-1 splice site mutants to gen rate progeny virions was 
assessed by measuring the RT activity released into the 
medium following cotransfection of HeLa cells with proviral 



y an&f KMmajv DNAs;^ (FigV 10A)n AH >tri& 

spl ice -si te' rh ufa'rits except pN LAS A^7a + 7b generated less par* 
tjclerassociat^ did the wild-type, plasmid ;^pNL4-3f> 

LiS^^7a+ ^f^pMi ASD1 produced qnly/2 an#j5<& 
<rf yii^ prc^ with/the^il^^e:/ 
< T^ Was evaluated by 

\ irtocu lating <2EM^^2D^!; cells with^equ^i}<a^ 
\ harvested • ,f rori£ t rar^fected 1 He La \ cell, supenialta^ 
mmefljt^^ 
infecjttotf^^ 
fectidh was estab 
^mutjit£^ 
, byt.eiriibit^ 
^^F^£4^re^ 
sjsby;th^ 

from the cryptic- ddnpi: activated 1 in pNL&SD 1 : is yeiy likely 
responsible for the delayed replication and infectivity kinetics. 
Mutant pNl^SA7+7a4^,which lacks the constitutive SA7 
site, could not infect CEM ( 12D7) pelisi reflecting its inability 
to produce Rev and the HIV-1 structural proteins. 

Mutations affecting competing SA sites in HIV-1 had differ- 
ent effects on viral infectivity. Mutant pNLASA4b, which fails 
to generate several HIV-1 mRNAs (revl, rev4, rev 7, and revlO 
and env2, env6, envlO, and env!4) and consistently expressed 
elevated levels of gp 160/ 120, exhibited growth kinetics similar 
to the wild-type virus kinetics (Fig. 10B). In this case, altered 
splicing of viral mRNA had no effect on viral infectivity. 
Mutant pNLASA5, which lacks the processing site f or the 
major envl mRNA species, was not infectious despite being 
able to synthesize low levels of gp 160/ 120 in transfected HeLa 
cells by utilizing alternative SAs (Fig. 6A, lane 4; Fig. 9A). 
These contrasting results demonstrate that alternative splicing 
to competing SA sites can affect gp 160/ 120 production, leading 
to synthesis of either fully infectious or defective virion. 
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m utanfs was .meaiiu rc^ by^si ng the iiccumu jatiort of RT activity 40 h 
; after eptra™tecli with 20 j^6f& piasmids 
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f^rie* ihfcctiyity 
4 was more; sulklc and<could not be* predicted: from 
.*tb ^generate virus particles in the transfection expenments 
•shown in Fig. 1 OA. Mutant pNLASA7a was infectious, but 
peak: virus production was delayed 4 to 5 days compared with 
ithe wild type. Mutant pNLASA7a+7b, which directed large 
amounts of progeny virion production following transfection of 
HcLa cells, was not infectious. Mutant pNLASA6 was also not 
infectious, despite directing the synthesis of the wild-type 
complement and quantities of protein and spliced mRNAs 
(Fig. 6 and 7). These latter results could indicate that the 
cryptic SA6 and SA7b sites participate in some other aspect of 
RNA processing (e.g., folding or branch point formation). 
Alternatively, amino acid changes introduced into the enve- 
lope protein as a result of mutagenesis (see Materials and 
Methods) may eliminate virus infectivity, possibly by affecting 
gpl60 processing as suggested by reduced amounts of gpl20 
observed in Fig. 6A. In a previous study, a similar mutation of 
SA6 in the HIV-I )IXU2 isolate resulted in the loss of infectivity, 
whereas SD5 mutants, also defective for Tcv expression, had a 
wild-type phenotype (16). 



DISCUSSION 

Relative proportions of alternatively spliced HIV-1 mRNAs. 

Various regulatory mechanisms control the expression and 
function of HIV-I during a cycle of virus infection. The 
regulation of RNA processing is one such prominent mecha- 
nism, and the balanced splicing of genomic length RNA into a 
complex set of alternative RNA transcripts is required for the 
synthesis of several viral proteins essential for replication. 
Several transcripts are enable of expressing each of the 
regulatory and accessory HIV-I proteins, and most of these 
transcripts have the potential to encode two or more prot ins 
with different efficiencies. To evaluate the importance of the 
complex group of mRNAs synthesized during infection by 
HIV-1. we first rigorously determined the identities and rela- 
tive quantities of viral mRNAs resulting from transfection and 
infection experiments. Our analysis shows that some RNA 
species are synthesized in preference to others. Generally, the 
most highly spliced forms of RNA that exclude noncoding 
exons are most common except in the case of nef, in which case 
the inclusion of the 68-nt noncoding exon 5 is favored. A 
previously unrecognized SA site for rev- and t'/nA/w-encoding 
mRNAs (designated SA4c) was identified among a cluster of 
competing SA sites in the tat coding sequence. This site was 
selected at fivefold-lower frequency than the SA4a or SA4b 
site for both rev and env mRNAs in PBMC infected with 
H!V- I Ni.4..Vor Hiy-l^ x1 : : Th 4 c SA4c site is used by many strains 
of HIV-land is ^ the^redominant SAiused for^r niRNA by 
some HIV-1 strain^ to 
the central comjpcting'S^ites :YSA47$A4a< SA4b; SA4c, and 
SA5) determined that 16 alternative- mRNAs may encode 
: gp 16IVI20. However, most of thcselixisr at very low levels, and 
* The most common ^/rrJ-mRNAs either;^ . 
\hoth ^noncpdin'g^exqns; ,3; [The shortest ' jrwssible em/. 
. transcript (enVl^acco^ 

: Competing SAVsite usage determines gp 160/ 120 levels and # 

Virus^injfo^ balahcedfusa^cjof {corrijD«ting 

; ^nfr^r^ 
^mutan^s^^on^m^ 
'incre^ 

J*A4ar SA4c,; and SA5r This caused elevated expression of , 

fenvc^ virus i infect iviry: J ir^ 

• ^triesis)pf jHI\^I^0;mRNA-usjr^ SA5; ^wtiicji rndre; ; efliv ■„ 

pciently -yields: ^iotylSfc ; is likely to ' explain ^ Vtheriricre^ iriK > 

~sgpI£W120^M^^ 

: for ^Vi^rh increased use of SA4a, SA4bV and ■ • 

SA4c but was accompanied by a marked reduction in both the 
expressioh of envelope gpl6()/120 and virus infectivity. The f 
reduced levels of gp 160/ 120 were not associated with reduced 
Rev activity, and Gag protein production was not altered. 
These results demonstrate that the level of expression of 
envelope proteins can be dramatically altered by forcing 
different splicing patterns on HIV-1 NI 4 ., through the dispro- 
portionate usage of the seemingly redundant SA sites in this 
region of the viral genome. 

Two determinants could control the selection of the com- 
peting SA sites if this alternative splicing mechanism were to 
operate in vivo. First, the different sequence structure of ihe 
competing SA motifs (Fig. 3) or the branch point structure(s) 
in individual HIV-1 strains could alter the balance of the SA 
usage. The location of the branch point(s) for the competing 
HIV-1 SA sites is unknown. We have confirmed that HIV-1 
strains with different sequences have different splicing patterns 
in a survey of various HIV-1 isolates exhibiting variable 
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tropism (42). Second, the activation status or type of cell 
harboring an HIV-1 provirus could also affect the balance of 
SA usage. 

Our analysis of splice site mutants suggest that an alteration 
in the balanced selection of the competing SA sites may have 
a profound effect on the ability of some HIV- 1 -infected cells to 
produce infectious virion. The potential deficit of gp 1 60/ 120 
protein resulting from underutilization of SA5 in a wild-type 
HIV-1 isolate may reduce the infectivity of viral progeny by 
interfering with adsorption-penetration step of the virus life 
cycle. This mechanism may contribute to some of the nonin- 
fectious virus present in the plasma of infected individuals (4, 
11,39,41). 

Biological significance of multicistronic HIV-1 mRNAs. 
Many of the alternative HIV-1 mRNAs are multicistronic, 
encoding more than one protein when tested in in vitro 
translation systems (15, 47). Some of the splice site mutants 
described above selectively eliminate several of these mRNAs 
from the HIV-1 RNA pool, allowing an evaluation of these 
depleted transcripts in the context of virus replication. The 
inactivation of SA5 from provirus mutant pNLASA5 precluded 
the synthesis of the major species of env mRNA (envl) as well 
as the predominant nef mRNAs (nef2 through nef5). During 
productive infection of PBMC with wild-type HIV-1, envl and 
nef2 through nef5 mRNAs comprise 80% of the total env and 
95% of the total nef transcripts, respectively. Intuitively, the 
elimination of these mRNAs could be compensated for by the 

. Increased use of other neighboring SAs which could be used to 
synthesize "alternate, multicistronic mRNAs with coding poten-v 
tial fof> the deficient Env and Nef proteins.- Our -analyses * 

■ showed that multicistronic mRNAs generated only limjted 
amountsiof Nef and gpl60/120 p r oteins which proyfed in|de- 7 

equate, for the production of infectious progeny Virion. After .; 
transfection.'of ( HeLa cells with mutant pNLASAS, minimal . 
synthesis, of gpi60/l;20 (-2% of the wild-type\ieyel) andjiow 

- levels of Nef (^ t l 2% of the wild-type level);werfert . 
,pun studies; bicistronic rev mRNAs encoded Nef protein $ith 

i 2- : to 3-fold-lower; efficiency^ than did ^mohdeisirqnic : ^nef i 

-hiRNAs (in agreement with results of Schwartz et al. {49])^and I 

ygpJ6tyl20;,wa^ frpifi^enyl^^ 
25rf6ld. Wore efficient than -from t other *&ifc*m G|y*en 

*flie proportions of the different HIV- i mRNAs measured in 

/this study, neither multicistronic env RNA containing^ Rev, . 
Vpu;^and;EnvH initiation sii^s}^eny2vthr9^h egy5)- f 

nor the multicistronic rev RNA species; aispicapable of direct- " 
ing the synthesis of Nef ( |5, 47)V sighi%ahtiy>conU tojthc ^ 

/total cellulaf'pool of gpioQ/120 or Net proteins during virus 
replication. Incbntrast, a mutation affecting one of the SAs for 
rev mRNA (SA4b) resulted in rev mRNAs using SA4a and 
SA4c that fully compensated for altered SA usage and pro- 
duced wild-type levels of Rev functional activity. 

Mutation of constitutive splice sites activates cryptic sites. 
Mutation of the major SD (SDl) in the pNL4-3 provirus 
slowed the kinetics of RNA and protein synthesis and the 
kinetics of a spreading virus infection. An alternative cryptic 
major SD signal, four bases downstream, was activated. Be- 
cause the cryptic SDI site may be used only when the genuine 
site is inactivated, it is likely that the strong conservation of this 
alternative splice site results from additional selective pres- 
sures. Nevertheless, its existence greatly reduces the possible 
loss of virus infectivity due to a spontaneous mutation affecting 
the major SD that would otherwise block the production of 
functional spliced mRNAs. The efficiency of RNA splicing 
from tl is cryptic donor ( _ 3 AGA J GUACGCC +7 ) may be 
lower than that from the genuine donor site (_-,CUGjG 
UGAGUA +7 ) and would therefore be responsible for the 
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FIG. II. HIV-1 SDI has gi/uter potential to interact with UI,U5, 
and U6 snRNAs than docs the cty^tic SDI. Shown is alignment of the 
SD site of adenovirus major late prc-mRNA with the genuine and 
cryptic SDI sites of pNL4-3 and pNLASDl; homologous nucleotides 
are boxed. Locations of the adenovirus nucleotides identified by 
Wassarman and Steitz (5ft) as strongly (|) or weakly interacting (?) 
with UK U5. and Uft snRNAs are shown at the bottom. 



delayed replication and infection kinetics of mutant 
pNLASDl. Comparison of these two HIV-1 SD motifs with the 
adenovirus major late 5' SD ( . ,GGG I GUGAGUA +7 ) (Fig. 
II), used to map nucleotide interactions with Ul, U5, and U6 
small nuclear RNAs (snRNAs), provides an explanation for 
the possible lower splicing efficiency of the cryptic SDI (56). 
The^ nucleotides at sites of strong interaction between the 
adenovirus SD and the Ul, U5, and U6 snRNAs of thc : 
spliceosomc are trie Mime for wild- type HI V-l SDf^but mis- 

' matched^at : several positions for the cryptic HI \^1^SP1^ : 
potentially destabilizing the interaction of the ctyptic SDI witR^ 

1 the spliceosome (Fig;*li):Thc decreased affinity of the v cTyptiei 
^HIV-Ir.SD^with-scveral important spliceosomal snRNAs may- 1 

.'cxpiaimthefdelayed infection kinetics of -mutant>pNLASDI;;^ 
Mutation'- of SA7 V in conjunction with. SA7a. and $A7b, 
resulted in thejexpressjon of aberrant RNAand proteinispecies 
and ; the lositof virus infectivity as; a' consequence^ of >this 1 

v activations of ^a ^dbSynstream cryptic S A : site: Tnc^usc i of this > 
latter site shifted ttic' reading frame for the second coding exorr 




usages was 1 equivalent to-thai of wiltf-fypie pN£4-3, indicating 
that lheftworexohcRev prbteih' is not required for the selection 

\' of ;;sjp>l iee^siteSi \u bH I i RN Aff wit Ir or^ without ' an^ RR B 

tHbwevfcr,-:assem 

>Rcv to ^ctiv^e RN^cbm 

• Significance dfc 

found that threc v prcviously ! rnappi;tl splice acceptor sites; SA6, 
SA7a, and SA7b (47), were <never used during HIV-1 N i 4 . 3 
replication in PBMC and HeLa 'cells and that mutation of 
these cryptic sites had no apparent effect on HIV-1 RNA or 
protein synthesis. These sites were unlikely candidates as 
commonly used ligation points for the synthesis of mature 
mRNA because HIV-1 isolates, other than derivatives of 
HIV^i-ah do not possess the SA6 splicing signal (37), and the 
use of SA7a and SA7b sites would preclude the in-frame entry 
into the second joding exon of rev and tau leading to the 
synthesis of novel Rev-Tat -Env chimeric translation products 
and no functional Rev protein. The ability of mutant 
pNLASA7a to successfully replicate and infect human cells 
further demonstrates that this site is not essential in the HIV-1 
life cycle. Unexpectedly, mutants pNLASA6 and pNLASA7a+ 
7b were not infectious, suggesting that these sites might play 
some other role in RNA processing or that the amino acid 
structure around these mutagenized SAs is critical for infec- 
tivity. Mutational analysis of the lev splicing signals (SD5) in 
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the context of H!V-1„ IB indicated that Tev was not required 
for virus infections of CD4 + T-cell lines and activated PBMC 
However, the lev splicing signal (SA6) in HIV-I,,,,, stabilized 
neighboring suboptimal splice sites and maintained the bal- 
anced proportion of spliced and unspliced RNAs (16). The tev 
splicing pattern may be limited to certain derivatives of HIV- 
1, A , and could have arisen as a result of inefficient splicing 
signals throughout the primary RNA transcript in this isolate. 

In contrast to the uncertain role of cryptic splice sites in 
HIV-1 , changing the usage of the competing splice sites in the 
center of the HIV-1 genome causw J alterations in the propor- 
tions of both HIV-I RNA and protein species, and this affected 
viral infectivity. Similarly, mutation of the major SD motif 
markedly reduced the synthesis of viral RNA and protein as 
well as viral infectivity. Therefore, we have shown that alter- 
native splicing of mature HIV-1 mRNA is yet another poten- 
tial mechanism for the regulation of HIV-I expression. Thus, 
the multiple redundant splice signals in the central region of 
the HIV-1 genome play a greater role than simply providing 
redundant strategies for mRNA synthesis in the event of 
unwanted mutations at these sites. 
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Human immunodeficiency virus type 1 (HIV-1) expresses the Vif, Vpr, Vpu, and Env proteins through 
complex differential splicing of a single full-length RNA precursor. We used HTV-l-specific oligonucleotide 
primer pairs in a quantitative polymerase chain reaction procedure on RNA from fresh per iphe r al bleed 
lymphocytes infected with HIV-1 JR . CSF to detect and characterize the singly spliced RNA spedes which might 
encode these proteins. The nucleotide sequences at the junctions of splice donor and acceptor sites of these 
RNAs were determined. One of these RNAs, which has not been previously described, appears to be a novel 
HIV-1 RNA encoding Env and/or Vpu proteins. 



In addition to gag, pol, and env, the three genes found in 
all replication-competent retroviruses, human immunodefi- 
ciency virus type 1 (HIV-1) has at least seven additional 
genes, including tat, rev, nef, vif, vpr, env, and vpu (3, 5, 9, 
11-16). Although the mRN As with the potential to express 
some of these genes have been elucidated (^|^vj8^ W v 14), 
the RNAs eru^mg,^^ 

riot been clearly defined. Seyeral &2^to^ ; 
; RN A speciesjt|i^*mig^ encode thes^^ 
^detected fc^Nq^^ 

^R^s^^h^t^ to; encode En^ 

has - been ch|^ 

clones (7). Another partial cDNA clone with the potential to 
encode Vif has also been characterized (14K potential splice 
d nors ^(SjOsJ^and^splice; acceptors; y^fchSrhight be 
used in the splicing of these RNAs have bee^ \ 
in^n£lK(^ spliced; HIVSl: Sl^?by cDN A' i 

■^ci6nii»-xi^ ; ^ , A /v;;;, : v > J;^/ ■ - - - ^ . .;■ 

; Ohgonucleotides for the detection , iof^HW-t RNAs. ; We v 
0 generated HIV r^s^cific ^ use jin a ; 

* quantitative RNA poty^ 

dure vfor -detection- of;, singly ; spliced As which .might 
encode ^yif, ^i/pr, V.Erty, and Vpu v proteins; ( We 
preyiously^sed^ 

detect-Hiy^l as 
>we!{; aQptal ;'Hjy;f RNA' (2), The oligonucleotide primer 
pairs to detect singly spliced RNAs were designed to flank 
potential SD-S A junctions. Vif, Vpr, Env, and Vpu proteins 
should be translated from RNAs which have utilized the 5' 
SD (SD1) at nucleotide (nt) 743 of HIV-l JR _c SF . On the basis 
of sequencing of cDNA clones, potential SAs for vif and vpr 
RNAs have been postulated to reside at nt 4924 (SA1) and nt 
5401 (SA2) (7, 14). However, the original cDNA clones in 
which these SAs were detected were derived from RNAs 
which excised three introns, additionally utilizing the SDs at 
nt 4973 (SD2) and 5474 (SD3), and thus could not encode Vif 
or Vpr proteins. A partial cDNA clone which might encode 
Vif, utilizes SA1, and extends unspliced past SD2 and SD3 
has been described previously (14), One cDNA clone de- 
rived from an RNA which might encode Vpu and Env has 
been described previ usly (7). This RNA uses an SA at nt 



5788 (SA3). We generated 3' oligonucleotide primers LA89 
(nt 4995 to 4976), LA86 (nt 5495 to 5476), and LA64 (nt 6079 
tc 6060) to detect RNAs which utilize the known SAs of 
HIV-1 and which might encode the Vif, Vpr, Env, and Vpu 
proteins of HIV-1 ^Fig^l)> : These oligonudeodde primers, 
when used in PGR analysis witJrLA8 (nt^^^^ 
oligonucleotide; primferi should detect HIV^^ 
splice together!t6e>^ leader sequence of Hl^i^^Sa^ SA! ,V 
- located upstretoi ^6f ;tnei : ^ 
RN As that utilize addition^ 

oligonucleotide not- be; "de^ f of 

* PGR products that should be generated 
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. prepared from phytohemagglut 
bjoo^ijym^ su^sequ^to'u^ 
withHI^^^ 

with; RNase-^ DNase to rem^^ ? 

i and^ai^ \ujsetg ji^JRII^ 

primer pairs to* detect^ [ 
clepfide/prjm^ f^; 
5476)^ui$I^ 
with ojigonu^^ 

of v^^^ /and l^v^^lbiA^ ^relspe^velyi? WA*m»' ' 
scqu^iaily^diiutsd threefold from \10* ; to '4^lS?MM(ji ' 
equivalents prior to reverse transcription and 'FGR'anq^^l!'. 
cation" ■ Figure 2 shows that HI V- 1-specific vif, ypr 9 and . 
env/ypu-2 'RNAs can be detected quantitatively in HIV-£ 
infected PBL. The sizes of major bands generated by FCR 
amplification with these oligonucleotide primer pairs corre- 
spond directly to the predicted sizes of the products ex- 
pected from the joining of the SDs and SAs shown in Fig. 1. 
.These bands were not detected in uninfected PBL (data not 
shown). By using oligonucleotide pairs LA8 (nt 711 to 730) 
and LA64 (nt 6079 to 6060) to detect RNAs which could 
encode Env or Vpu, we detected a novel spliced RNA 
(envlvpu-2), which utilizes the joining of SD1 (nt 743) with an 
SA at nt 5987 (SA4). This RNA does not utilize SIM (nt 
6055), which is used in further splicing to m/RNA. The first 
and second methionines encountered within this novel RNA 
would be the initiati n codons f r Vpu and Env, respec- 
tively. This is in contrast to the previously identified envl 
vpu-1 RNA, in which vpu and env utilize the third and fourth 
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FIG. 1. Detection of HIV-1 RNAs by PCR. (A) Schematic representation of the HIV-1 genome showing the putative RNAs and the 
locati n and rientati n of oligonucleotide primer pairs used to detect each RNA. The locations of potential SDs and SAs are indicated. 
Oligonucleotide primer LA8 (5 '-GCGCGC AC AGC AAG AGGCG A-3' , nt 711 to 730) is homologous to HIV-1 sequences just upstream of the 
5' SD site (SD1 at nt 743). It can be used in PCR analysis in combination with oligonucleotide primer LA89 (5'-TGTATTACTACTGC 
CCCTTC-3', nt 4995 to 4976 ) on the cDNA products of reverse transcription reactions primed by oligonucleotide primer BB195 
(5'-TATGTCACTATTATCTTGTA-3' , nt 5011 to 4992) to detect a potential v(f RNA which utilizes the joining of SD1 (nt 743) with SA1 (nt 
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methionines as initiation codons. Minor bands were ob- 
served with several of the ligonucleotide pairs tested. DNA 
sequence analysis of several of these bands has sh wn that 
some of these bands are due to nonspecific hybridization to 
both cellular sequences and other sites within HIV during 
reverse transcription (data not shown). S me of ihese bands 
may represent minor species of RNA produced during 
infection of PBL. 

We have not successfully detected the singly spliced RNA 
joining SD1 to SA3 (envlvpu-1) previously observed by 
cDNA cloning. Since the tat/rev and envlvpu-l RNAs both 
employ SA3, the 3' oligonucleotide primer that discriminates 
envlvpu-1 from tatlrev RNAs must be positioned 3' to SD4 
(used only by tatlrev RNAs); thus, oligonucleotide primer 
LA64 (nt 6079 to 6060) was used. Both envlvpu-l and 
envlvpu-2 RNAs would be predicted to be detected by the 
LA8-LA64 oligonucleotide primer pair (nt 711 to 730 and nt 
6079 to 6060); however, perhaps due to the large size (325 
base pairs) of the anticipated PGR product for envlvpu-1 
RNA, only the smaller PCR product for envlvpu-2 RNA is 
detected. The inability to detect this larger envlvpu RNA 
does not suggest that this RNA is not produced, since we 
have previously shown that when oligonucleotide primer 
pairs are used in this RNA PCR procedure, which should 
detect more than one RNA species, only the smaller PCR 
product is readily detected (2). We have also been unable to 
detect a distinct RNA species encoding Rev (10) in infected 
PBL by using; various oligonucleotide primer pairs (2; data 
■ notshowh)r^n& v v ^ ; :--- ■ <^p^f^M^r^i^ & - 

Sequencing of RNA rc 
iden0y of thef ^ 

>0UgpSuclepti^ sub- 
jected;^ 

this i DNA' sequence analysis are shown in fable r. W were 
, able to demonstrate the correct joining of SD1 with SA1 for 
vi/RNA, SD1 with SA2 for vpr RN Ai and SDt with; S A4;for 
envlypu : 2 >RN &. DNA sequence analysis additionally dem- 
b .nst&te^ 

KR^analyste <to not utilize tHe SDs v ; SD2^ SD3if and SD4, 
;3which ;have previously been^ associated with doubly f and 
triplyfspli^ RNA secies (If 3^ w£ ^ionclud^ that|the 
RNAs detected have the potential tb;;enc^ Efcv, 
aniT Vpu proteins. These RNAs most likely correspond to 
; the 4.2- to 5;53ci!obase HIY-lfl^Asr&tectedjbrNor^m 
/:b}o^^yse^.;-^ f 

'■: -i:£$5? generated oligonucleotide primer pairs to be employed 
in a quantitative RNA PCR procedure^^ 

;Vm#p^2;HiV4^spbcific RNA^species; We id»tiSad.-R^As 
which join the 5' HIV-1 SD (SD1) with previously detected 

: SAs (SA1, SA2, and SA4), which have the potential to 
encode Vif, Vpr, Env, and Vpu proteins. Although usage of 
these SAs has been previously demonstrated by sequencing 
of cDNA clones (7), the RNAs which had been detected 
were, in all cases, additionally spliced at SD2, SD3, and 
SD4. A partial cDNA clone which utilizes SA1 but not SD2 
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vif 





\\ ysis wasrWrfd^ 

Inumbenof PH A-slimulated PBL harvested on day 8 
■^with HIV-I*. CS! ^RNA was prepared by the method of Aitiao et at: * 
(2). The same conditions for RNA PCR analysis as those described t 
joy Arrigo etal. were also, used, with the exception that the PCR , 
denaturation temperature was changed to 94°C. The PCR products 
were resolved on a 6% polyacrylamide gel and visualized by 
autoradiography. Oligonucleotide primer pairs used to detect each 
RNA species are shown. The sections of the gels shown span 
approximately 70 to 350 base pairs, as determined by molecular 
weight markers. 



4924). It will not detect an RNA which additionally utilizes SD2 (nt 4973). The use of different oligonucleotides in the reverse transcription 
and PCR amplifications helped to reduce the background with this oligonucleotide set. Oligonucleotide primer LAS can also be used in RNA 
PCR analysis in combination with oligonucleotide primer LA86 (5'-CAAGTACTGTAGAGATCCTA-3\ nt 5495 to 5476) to detect a potential 
vpr RNA that utilizes the joining of SD1 (nt 743) with SA2 (nt 5401). but it will not detect an RNA which additionally utilizes SD3 (nt 5474). 
Oligonucleotide primer LA8 can also be used in an RNA PCR in combination with dig nucleotide primer LAM (5 '-GGTTGC ATTAC AT 
GCACTAC-3', nt 6079 1 6060) to detect potential envlvpu RNAs which utilize the joining of SD1 (nt 743) with SA3 (nt 5788) or SA4 (nt 5987) 
but do not utilize SIM (nt 6055). SIM (nt 6055) is used by both tatlrev and n</RNAs. Oligonucleotide primers M667, M668, LA9, LA45, and 
LA41 have been previously described (2). The SD and SA sites used to generate each RNA are shown. LTR, long terminal repeat. (B) Sizes 
of amplified PCR products which should be generated by RNA PCR analysis with pairs of oligonucleotide primers specific for the HIV-1 
RNAs shown in panel A. 
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TABLE 1. Sequences of SDs and S As" 



RNAs (oligonucleotide primer pairs) Sequence 





SD1 






SA1 


Wf(LA8/LA89; nt 711 to 730. 4995 to 4976) 


GGGGCGGCGACTG 


GTGAG 


TTTATTACAG 


GGACAACA 


(743) 






(4924) 




SD1 






SA2 


vpr (LA8/LA86; nt 711 to 730, 5495 to 5476) 


GGGGCGGCGACTG 


GTGAG 


TGTTTTTCAG 


AATCTGCT 


(743) 






(5401) 




SD1 






SA4 


envlvpu-1 (LA8/LA64; nt 711 to 730, 6079 to 6060) 


GGGGCGGCGACTG 


GTGAG 


CCTATGGCAG 


CAAGAAGC 


(743) 






(5987) 



tt PCR amplifications were resolved on a 6% polyacrylamide gel, and the major band was excised. DNA was eluted in 500 mM ammonium acetate and 1 mM 
EDTA and was precipitated with ethanol. A fraction of this eluent was reamplified for an additional 25 cycles of PCR. PCR conditions for both amplifications were 
identical, although the second amplification included a fourfold increase in all reagents. Since the PCR products were end labeled with [*y- 32 P]ATP, a portion of 
the PCR product was subjected directly to DNA sequence analysis by the method of Maxam and Gilbert (6). The sequences include SDs, introns, and SAs, from 
left to right. The vertical line indicates the exon-intron borders. Numbers in parenthesis shown under nucleotide sequences correspond to the nucleotides to the 
immediate left (SD) or right (SA).of the vertical lines. 



or SD3 has been previously characterized (14). It is a formal 
possibility that the RNAs we detected for vif f vpr, and 
envlvpu-2 contain additional splices downstream of the re- 
gions homologous to our oligonucleotides; however, we feel 
this is unlikely, because of the 4.2- to 5.5-kilobase sizes of 
these HIV-1 RNA species previously detected by Northern 
blot analyses with probes specific for these RNAs (8). Taken 
t gether, these data indicate that Vif, Vpr, Env, and Vpu are 
most likely encoded on singly spliced RNA species^.2 tb3i5 : 
kilobases in size by utilizing the SD and SA sites which we 
define here. ' : -"'T' : \ * , — : ;f % ' ; 

; ; ^Sj^A'l^'pfbqed^ provides ^ 
-and quahtUative assay for analysis of low aburidarice RN A 
srjecies,aJlowing^ of HlV-1 RN As^t 1 . 

early time points subsequent to infection of PBliv By gener- 
ating pligonucleotide primers which span potential SD and 
SA pairs, specific RNA species can be examined individually 
^OTd:itlw T 0P^A' sequence of the splice'-juhctibns' Mean Jtj|e; y 
determined 'directly^ :^ v ; . ■ v ." 
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A number of human immunodeficiency type 1 (HIV-1) -based vectors have recently been shown to transduce 
nondividing cells in vivo as well as in vitro. However, if these vectors are to be considered for eventual clinical 
use, a major consideration is to reduce the probability of unintended generation of replication-competent virus. 
This can be achieved by eliminating viral genetic elements involved in the generation of replication-competent 
virus without impairing vector production. We have designed a system to transiently produce HIV-l-based 
vectors by using expression plasmids encoding Gag, Pol, and Tat of HIV-1 under the control of the cytomeg- 
alovirus immediate-early promoter. Our data show that the best vector yield is achieved in the presence of the 
Rev/Rev-responsive element (RRE) system. However, the constitutive transport element of Mason-Pfizer 
monkey virus can substitute for RRE and Rev at least to some extent, whereas the posttranscriptional 
regulatory element of human hepatitis B virus appeared to be inefficient. In addition, we show that high-titer 
virus preparations can be obtained in the presence of sodium butyrate, which activates the expression of both 
the packaging construct and the vector genome. Finally, our results suggest that efficient infectivity of vectors 
defective in the accessory proteins Vif, Vpr, Vpu, and Nef depends on the nature of the target cells. 



Vectors derived from Moloney murine leukemia virus 
(MLV) are widely used in gene delivery and human gene 
therapy studies. Most mammalian cells express the MLV am- 
photropic receptor on the cell surface, allowing vector entry 
(8). However, the nuclear entry of the vector preintegration 
complex depends on cell mitosis, probably due to nuclear 
membrane breakdown (25). Thus, MLV-based vectors effi- 
ciently infect only proliferating cells and not quiescent cells. 
This property severely limits the general use of retroviral vec- 
tors for direct gene delivery in vivo, since a majority of the cells 
either are terminally differentiated or remain in the quiescent 
state without stimulation. In contrast to MLV, lentiviruses can 
infect and integrate their genomes into the chromosomes of 
nondividing cells. In the case of human immunodeficiency vi- 
rus type 1 (HIV-1), the capability of infecting quiescent cells 
maps to three viral proteins present in the HIV-1 preintegra- 
tion complex, namely, the matrix (MA) portion of the Gag 
protein, the integrase, and the Vpr protein (7, 11-13, 18). To 
date, the relative importance of these apparently redundant 
functions is unknown. Recently, HIV-l-based vectors pseu- 
dotyped with heterologous envelopes, notably the G protein of 
vesicular stomatitis virus (VSV), have been shown to infect a 
wide array of quiescent cell types, including fibroblasts and 
primary monocyte-derived macrophages in culture as well as 
hepatocytes, myocytes, photoreceptor cells in retina, and neu- 
ronal cells in brain in vivo (5, 22, 29, 30, 46). MLV vectors, 
under similar conditions, fail to infect these cell types effi- 
ciently. These observations demonstrate the potential advan- 
tages of using lentivirus vectors for direct in vivo gene delivery. 

Most of the HIV-l-based vector production systems re- 
ported to date consist of the cotransfection into 293T cells of 
three plasmid constructs: (i) a packaging construct containing 
all HIV genes except the env gene, (ii) an expression plasmid 
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for the VSV G protein to confer a broad host tropism to the 
vector, and (iii) an HIV vector containing the gene of interest. 
When considering using HIV-l-based vectors for gene therapy, 
one needs to address the possibility of generating replication- 
competent HIV-1 during vector production. The major route 
for generating replication-competent retrovirus with such a 
system would be through homologous recombination events 
occurring among these plasmid constructs during transfection. 
Safety would be greatly improved by deleting regions of the 
viral genome that are not absolutely required for vector pro- 
duction or for efficient infection of the target cells. In addition, 
elimination of genes nonessential for HIV vector production 
and infectivity will facilitate the establishment of stable pack- 
aging cell lines for HIV vectors. 

Apart from the env gene, which is inactivated since the 
particles are pseudotyped with the VSV G protein, the obvious 
target sequences to be eliminated are the HIV-1 genes encod- 
ing the accessory proteins. The HIV-1 genome encodes two 
regulatory proteins, Tat and Rev, as well as four accessory 
proteins, namely, Vif, Vpr, Vpu, and Nef. Although transcrip- 
tion initiation from the HIV long terminal repeat (LTR) de- 
pends on Tat, insertion of an enhancer from the cytomegalo- 
virus (CMV) immediate-early gene bypasses the Tat requirement 
for HIV gene expression (23). However, recent data demon- 
strates that Tat is essential for the HIV life cycle at a postentry 
step in the target cell, suggesting that Tat expression in the 
packaging cell lines not only can increase vector titers but also 
may enhance infection of the target cells (17, 20). Rev binds 
the Rev-responsive element (RRE) within the env gene in the 
viral mRNAs and thereby increases transportation of unspliced 
or singly spliced HIV-specific mRNA from the nucleus into the 
cytoplasm (9, 26). Although this is an essential function for 
HIV-1 replication, other RNA transport elements have been 
shown to substitute for the RRE function (6, 19). Most impor- 
tantly, the function of these elements relies on endogenous 
factors rather than on Rev. Bypassing the RRE and Rev re- 
quirement may thus eliminate the need for the stable expres- 
sion of HIV Rev in the packaging cell lines. The Vif, Vpr, Vpu, 
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and Nef proteins have been shown to be dispensable for HIV 
replication in immortalized cell lines (28). In addition, it has 
recently been shown that none of the accessory proteins is 
required for efficient HIV-based vector production from trans- 
fected 293T cells (22, 23, 46). 

In the present study, we evaluated more precisely the re- 
quirement for Rev and the accessory proteins, Vif, Vpr, Vpu, 
and Nef, for the production of high-titer HIV-l-based vectors 
and efficient transduction of target cells. We have also tested 
heterologous mRNA transport elements derived from Mason- 
Pfizer monkey virus (MPMV) and hepatitis B virus (HBV) for 
their ability to substitute for the function of Rev and RRE. Our 
results show that while the absence of the accessory proteins 
has little effect on vector production, the presence of sodium 
butyrate, which activates the CMV enhancer and the HIV LTR 
promoter function (24, 39), can significantly increase vector 
titers from the transfected 293T cells. While the MPMV con- 
stitutive transport element (CTE) can substitute for the func- 
tion of RRE and Rev, the vector can be generated most effi- 
ciently only from a packaging plasmid containing the RRE 
sequence. Finally, while the absence of accessory proteins in 
the vector shows little effect on infectivity in most cell types, 
these proteins enhance significantly the infectivity of HIV vec- 
tor in quiescent primary human skin fibroblasts. Our studies 
should facilitate the establishment of stable packaging cell 
lines for the production of high-titer, helper-free HIV vectors 
for human gene therapy. 

MATERIALS AND METHODS 

Plasmid construction. To construct pCMV-HIV-1, the 0.7-kb BamHl-Sphl 
fragment with a 19-bp deletion in the putative packaging signal of 
pCMVAPlAenvpA (31) was fused with the 8-kb Sphl-HindUl (from position 
1447 to 9606) fragment of pNL4-3 (1) and the 4-kb Sal\-EcoRl fragment from 
pCMV-G (45). In addition, a deletion of the 580-bp Bgtll (position 7031 in 
pNL4-3)-£&/II (position 7611 in pNL4-3) fragment was created in the HIV-1 
Env-coding region to eliminate the expression of this protein and reduce the 
potential of generating helper virus during vector production. To generate 
pCMV-HIVnef(-), the sequence between the Hpa\ site at position 8650 in 
pNL4-3 and the HindlU site at position 9606 in pNL4-3 of pCMV-HIV-1 was 
deleted. To generate pCMV-HIVvif(-), pCMV-HIV-1 was digested with Ndel 
(position 5123 in pNL4-3) and repaired with the Klenow fragment to create a 
2-bp insertion in the coding region of the vif gene. To generate pCMV-HIV- 
vpu(-), the initiation codon of Vpu was mutated by site-directed mutagenesis 
(Mutagene kit; Bio-Rad, Hercules, Calif.) with the oligonucleotide 5'TGCTAC 
TATTAT AG GTTGTAC ATGTACTACTTACTG 3 ' . To generate pCMV-HIV- 
vpr(-), pCMV-HIV-1 was digested with EcoRl (position 5747 in pNL4-3) and 
repaired with the Klenow fragment to generate a 4-bp insertion in the coding 
region of the vpr gene. The pCMV-HIVvpr(-)nef(-) double mutant was gen- 
erated by digesting pCMV-HIVnef(-) with EcoRl and repaired with the Klenow 
fragment as described above. 

To generate pCH-GP-1, the 0.66-kb fragment between position 766 and the 
Sphl site at position 1447 in pNL4-3 was amplified by PCR with the oligonucle- 
otides Gag5' (5 'GAGG ATCCTAG AAGG AG AG AGATGG GT3 ' ) and Gag3' 
(5 ' G AGG ATCC AATAG G CCCTGC ATG C ACTG 3 ' ) . The resulting fragment 
was ligated with the 3.7-kb Sphl-Ndel fragment from pNL4-3 and the 4-kb 
Sall-EcoRl fragment from pCMV-G. To generate pCHGP-2, the RRE (between 
positions 7754 and 8013 in HXB-2 [33]) was amplified by PCR from pv653RSN 
(31) by using the oligonucleotides RRE5 (5 ' GC AAG CTTCTGC AG AGC AGT 
GGGAATAGG3') and RRE3 (5'GCAAGCTTACCCCAAATCCCCAGGAG 
CTG3') and cloned immediately after the gag-pol gene in pCHGP-1. To generate 
pCHGP-3, the 0.65-kb Stul-HindUl fragment from pCCAT-1 (44) was cloned 
after the gag-pol gene in pCHGP-1. To generate pCHGP-4, the MPMV CTE 
(between positions 8020 and 8240 in MPMV [40]) was amplified by PCR from 
pGcm7 fz(-) MPMV(8001-8240) (6) and cloned behind the gag-pol gene in 
pCHGP-1. 

To generate pv653CMVp-gal, a CMV p-galactosidase (p-gal) cassette was first 
constructed by ligating the 0.75-kb Xba\-Sal\ fragment containing the CMV 
promoter from pCMV-G to the 3.1-kb Xba\-Sma\ fragment containing the p-gal 
gene from pSP6-p-gal (32) with pBluescript SK(-) (Stratagene, La Jolla, Calif.) 
to generate pCMVp-gal. The 3,8-kb Notl-Smal fragment containing the CMV 
(S-gal cassette from pCMVp-gal was ligated with the 8-kb fragment from Bam HI- 
digestcd pv653RSN. To generate pCMV-Tat, pCMV-G was digested with Xho\, 
and the 4.7-kb fragment containing the CMV promoter was ligated with the 
0.36-kb Sall-BamHl fragment containing the Tat -coding region from pCVl (4). 



To generate pCMV-cnv, the 2.7-kb Xba\ fragment from pCMVEnv-amDra con- 
taining the amphotropic envelope coding region was ligated with the 4.7-kb 
BamHl fragment from pCMV-G. The construction of pCMV-G has been de- 
scribed previously (45). pCMV-rcv was obtained from the National Institutes of 
Health AIDS Research and Reference Reagent Program. 

Cells. HeLa, HT1080, and 293T cells were maintained in Dulbecco modified 
Eagle medium supplemented with 10% fetal calf serum (FCS). SupTl cells were 
maintained in RPMI 1640 medium supplemented with 10% FCS. Primary hu- 
man fibroblast CCD 1059sk cells (obtained from the American Type Culture 
Collection; no. CRL2072) were grown in Eagle's minimum essential medium 
supplemented with 10% FCS. Quiescent CCD 1059sk cells were obtained by 
growing confluent cells for 5 to 10 days in minimum essential medium with 10% 
FCS, resulting in a population of cells in growth arrest at the Gq/G, phase as 
determined by flow cytometry analysis. Quiescent HeLa cells were obtained by 
plating 2 X 10 5 cells in each well of a 12-well plate 24 h prior to gamma 
irradiation. The cells were subjected to gamma irradiation at a dose of 4,000 rads, 
and approximately 90% of the cells were arrested at G 2 phase 3 days after 
irradiation as determined by flow cytometry analysis. 

Vector production and infection of target cells. To generate infectious HIV 
vectors, 293T cells were seeded at a density of 4 X 10 6 cells per 10-cm-diameter 
culture dish. The infectious vector with all of the accessory proteins was gener- 
ated by cotransfecting 10 u,g of pCMV-HIV-1, 10 u.g of pCMV-G, and 20 u.g of 
pv653CMV(i-gal by the calcium phosphate coprecipitation method (16). The 
culture medium was replaced 6 to 8 h later, and the culture supernatant was 
collected 18 h after transfection, filtered through 0. 45 -u,m -pore-size filters, and 
stored at -80°C. To generate the vector without any accessory protein, 293T cells 
were cotransfected with 8 u,g of pCHGP plasmid series, 8 jjtg of pCMV-G, 16 u,g 
of pv653CMV0-gal, 4 u,g of pCMV-Tat, and 4 u.g of pCMV-Rev. 293GP/LCZL 
cells containing an MLV-based provirus with the CMV p-gal cassette were used 
in this study. The VSV G protein-pseudotyped MLV vector was generated as 
described before (45). 

To determine the vector titer, 5 X 10 4 HT1080 cells were plated in a 12-well 
plate in the presence of 8 u,g of Polybrene per ml 24 h prior to infection. The cells 
were infected overnight with various dilutions of the vector and assayed for p-gal 
activity 48 h after infection. 

To assay for 0-gal activity, cells were washed once with phosphate-buffered 
saline, fixed in 1.25% glutaraldehyde for 15 min, and stained for 4 h at 37°C in 
a solution containing 5 mM potassium ferriferrocyanide, 400 u.g of X-Gal (5- 
bromo-4-chloro-3-indoIyl-[3-D-galactopyranoside) (GBT, St. Louis, Mo.) per ml, 
and 1 mM MgCl 2 . 

Helper virus assays. To detect helper virus, SupTl cells were infected with 6 X 
10 6 infectious vector particles containing all accessory proteins or 6 X 10 5 vector 
particles containing no accessory proteins in the presence of 8 u,g of Polybrene 
per ml in T75 flasks. Passage of the infected cells was allowed to continue for 10 
weeks. During each passage, the culture supernatant was harvested and stored at 
-80°C. The p24 level in the supernatant was determined by an enzyme-linked 
immunosorbent assay (Coulter Corporation, Miami, Fla,), No replication-com- 
petent virus was detected after 10 weeks of culture. 



RESULTS 

Effect of accessory proteins on vector production. To gen- 
erate an infectious HIV-l-based vector containing all accessory 
proteins, 293T cells were cotransfected with the three con- 
structs shown in Fig. 1A. As shown in Table 1, the three- 
plasmid cotransfection resulted in the production of a vector 
titer of 3.9 X 10 6 infectious units (IU)/ml. To determine 
whether the accessory proteins have any effect on vector pro- 
duction, the gene encoding each of the four accessory proteins 
in pCMV-HIV-1 was mutated. In addition, a combination of 
both Vpr and Nef mutations was introduced into pCMV- 
HIV-1. As shown in Table 1, mutations in the accessory pro- 
teins had very little effect on vector production from transiently 
transfected 293T cells. After 10 weeks of culture of cells trans- 
duced with high-titer vector, no helper virus could be detected 
in any experiment by screening for p24 expression. 

Effect of RNA transport elements on vector production. To 
address the question of whether other RNA transport ele- 
ments can substitute for the RRE and Rev function, a series of 
pCHGP plasmids were constructed (Fig. IB). pCHGP-1 con- 
tains the HIV-1 gag and pol genes under the control of the 
CMV promoter. The HIV RRE was inserted immediately 
downstream of the gag-pol gene to generate pCHGP-2 to fa- 
cilitate the gag-pol RNA exit from the nucleus. In pCHGP-3 
and pCHGP-4, the posttranscriptional regulatory element 
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FIG. 1. Structures of expression plasmids of the HIV-l-based vector production system. (A) Packaging system; (B) minimal gag-pol constructs. Expression of 
packaging and VSV G protein (VSV-G) envelope constructs is driven by the CMV immediate-early promoter (CMV). The polyadenylation signal (PA) is derived from 
the rabbit p-globin gene. pCM V-HIV-1 contains all the HIV-1 genes except a 19-bp deletion in the packaging signal (A^) and a 600-bp deletion in the env open reading 
frame (Aenv). Accessory-protein open reading frames are shown as solid boxes. The RNA transport elements are presented as shaded boxes. The vector genome 
pv653CMV-p-gal consists of the HIV-1 LTRs flanking the RRE and the reporter gene (p-gal) driven by the CMV promoter. 



(PRE) from HBV and the CTE from MPMV, respectively, 
were inserted immediately downstream of the gag-pol gene. 

To test whether these constructs produce HIV gag-pol par- 
ticles, they were cotransfected into 293T cells with or without 
pCMV-Rev, and the p24 level in the culture supernatant was 
determined 48 h after transfection. As shown in Table 2, 
pCHGP-1 generates a low level of p24 with or without Rev, 
consistent with the observation that the RRE is required for 
efficient transportation of the HIV gag-pol transcript from the 
nucleus into the cytoplasm. The presence of the RRE in 
pCHGP-2 results in 30-fold stimulation of p24 production 
when Rev is coexpressed. The HBV PRE transport element 
did not have any stimulating effect on p24 expression; however, 
in the presence of Rev, a 3.5-fold increase in the p24 level 
relative to that for pCHGP-1 was observed. Finally, the pres- 
ence of the CTE from MPMV increases the p24 level seven- to 
ninefold relative to that of pCHGP-l-transfected cells. As ex- 
pected, the stimulation of p24 production by the CTE is not 
Rev dependent. Therefore, the CTE is able, to some extent, to 
substitute for the Rev and RRE requirement in our system. 

To test whether these packaging plasmids generate infec- 
tious vectors in the absence of accessory protein, each of the 
constructs from the pCHGP series was cotransfected with 
pCMV-G, pv653CMVp-gal, and pCMV-Tat, which is required 
for the efficient expression of the genomic RNA derived from 
pv653CMVp-gal. In addition, pCMV-Rev was either included 
or not included in each cotransfection experiment to deter- 
mine the effect of Rev on the vector titer. Vector particles 
generated 24 to 48 h after transfection were harvested, and 
titers were determined in HT1080 cells by X-Gal staining and 
counting of positive blue cells. 

As shown in Table 3, pCMV-HIV-1 generated a titer of 
about 10 7 IU/ml, and the titer was not affected by cotransfec- 
tion of pCMV-Rev. Cells transfected with pCHGP-1 generated 
low titers with or without Rev. In contrast, cells cotransfected 
with pCHGP-2 and pCMV-Rev generated a titer which was at 
least 3 orders of magnitude higher than that without pCMV- 
Rev. For pCHGP-3, a very low vector titer was obtained from 



the transfected cells, consistent with the low p24 level derived 
from pCHGP-3-transfected cells (Table 2). Despite the small 
effect of Rev on the p24 level generated from pCHGP-4- 
transfected cells (Table 2), the vector titer derived from this 
construct increased more than 50-fold with cotransfection of 
pCMV-Rev. This increase in titer with Rev probably reflects 
the fact that Rev stimulates the transportation of the vector 
genomic RNA derived from pv653CMVp-gal into the cyto- 
plasm, thereby allowing more viral RNA to be packaged into 
virions. Overall, the vector titer in Table 3 corresponds to the 
p24 level generated by each packaging construct shown in 
Table 2. These results demonstrate that the CTE from MPMV 
can substitute for the function of RRE and Rev to facilitate 
HIV gene expression, whereas the PRE from HBV fails to 
perform this function. However, a combination of the RRE 
and Rev is able to generate a vector titer which is at least 
10-fold higher than that generated by the CTE (compare vec- 
tor titers of pCHGP-2 and pCHGP-4 in Table 3). 

Sodium butyrate stimulates vector production from 293T 
cells. Sodium butyrate has been shown to stimulate the activity 
of the HIV-1 LTR and the CMV immediate-early promoter 
(24, 39). To determine whether sodium butyrate had any effect 
on vector production, vector particles were generated from 
v653CMVp-gal in the presence of various concentrations of 
sodium butyrate. As shown in Fig. 2, addition of sodium bu- 



TABLE 1. Effect of HIV-1 accessory proteins on vector production 
pCMV-HIV Titer (IU/ml) fl 

Wild type (3.9 ± 0.7) X 10 6 

vpr(-) (8.3 ± 2.0) X 10 6 

vpu(-) (4.8 ± 1.0) X 10 6 

vif(-) (6.0 ± 0.7) X 10 6 

nef(-) (1.1 ± 0.1) X 10 7 

nef(-)vpr(-) (3.1 ± 0.3) X 10 6 

" The vectors were harvested 24 h after transfection, and the titer was deter- 
mined in HT1080 cells by counting of blue cells after X-Gal staining. The 
numbers are the averages from triplicate experiments ± standard deviations. 
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TABLE 2. Expression of p24 in pCHGP-transfected cells" 


Plasmid construct 


pCMV-Rev 


P 24 (ng/ml) 6 


pCHGP-1 





1.4 ± 0,2 




+ 


1.8 ± 0.1 


pCHGP-2 




3.5 ± 0.2 




+ 


98.8 ± 14.6 


pCHGP-3 




0.4 ± 0.1 




+ 


6.2 ± 0.7 


pCHGP-4 




10.2 ± 0.8 




+ 


16.4 ± 1.0 


pCMV-HlV-1 




6,958 ± 349 




+ 


7,471 ± 287 



" 293T cells were transfected in a 10-cm-diameter culture dish with 20 jig of 
pCHGP as indicated and 10 \l% of either pCMV-Rev (+) or pBluescript (-). 
Forty-eight hours after transfection, the culture medium was assayed for p24 
protein expression. 

b Averages from triplicate experiments ± standard deviations. 



tyrate had little effect on the vector titer generated from 
pCMV-HIV-l-transfected cells, whereas the titer generated 
from pCHGP-2-transfected cells increased approximately 15- 
fold in the presence of 4 mM sodium butyrate. To determine 
the possible reason for the titer increase, the p24 level in the 
culture supernatant of transfected 293T cells was determined. 
The p24 level of the pCMV-HIV-l-transfected cells increased 
slightly, from 6.6 u,g/ml, with a titer of 6.0 X 10 6 IU/ml, in the 
absence of sodium butyrate to 9.9 |xg/ml, with a titer of 1.1 X 
10 7 IU/ml, in the presence of 4 mM sodium butyrate. However, 
the p24 level of the pCHGP-2 transfected cells increased from 
0.1 |ig/ml, with a titer of 4.4 X 10 5 IU/ml, in the absence of 
sodium butyrate to 1.1 n-g/ml, with a titer of 6.4 X 10 6 IU/ml, 
in the presence of 4 mM sodium butyrate. Thus, the 10-fold 
increase in p24 production in pCHGP-2-transfected cells in the 
presence of sodium butyrate can account for the observed 
15-fold increase in the vector titer shown in Fig. 2. The lack of 
stimulation in pCMV-HIV-1 -transfected cells may reflect the 
extremely high level of p24 already generated by this construct 
in the absence of sodium butyrate. 

Effect of accessory proteins on vector infectivity. To study 
the ability of the HIV vector to infect quiescent cells and the 
effect of the accessory proteins on infectivity, HeLa cells were 
exposed to gamma irradiation to arrest cells at the G 2 phase of 
the cell cycle. Proliferating or growth -arrested HeLa cells were 
transduced with either MLV-p-gal, a P-gal gene-containing 
MLV vector; the HIV-l-based vector v653CMV(3-gal(+), con- 
taining all four accessory proteins; or v653CMVp-gal(-), con- 
taining no accessory protein. Positive cells were scored by 
X-Gal staining 2 days after transduction. Results for HeLa 
cells were expressed as the percentages of titers observed with 
the same virus preparations in growing HT1080 cells. As shown 
in Fig. 3, no significant difference in titer was observed in 
proliferating or quiescent HeLa cells transduced with either 
the v653CMVp-gal(+) or the v653CMVp-gal(-) vector. In 
contrast, the transduction efficiency of the MLV vector in qui- 
escent cells was reduced more than 2,000-fold. Similar results 
were obtained with irradiated HT1080 cells transduced with 
the three vectors (data not shown). To demonstrate that the 
observed p-gal activity is not due to pseudotransduction of the 
fj-gal activity present in the vector preparation, proliferating 
HeLa cells transduced with the vector were treated with in- 
creasing concentrations of 3'-azido-3 , -deoxythymidine. Both 
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TABLE 3. Vector production from pCHGP-transfected 293T cells 



Plasmid construct 


pCMV-Rev 


Titer (IU/ml) a 


nCHnP-1 








+ 


(2.5 ± 1.1) x 10 2 


pCHGP-2 




(1.0 ± 0.6) X 10 2 






(6.0 ± 0.6) x 10 5 


pCHGP-3 




(1.1 ± 0.4) X 10 1 




+ 


(3.6 ± 0,2) x 10 2 


pCHGP-4 




(8.4 ± 1.2) x 10 2 




+ 


(5.3 ± 1.7) x 10 4 


pCMV-HIV-1 




(1.2 ± 0.4) X 10 7 






(1.1 ± 0.1) X 10 7 



a The infectious vector was generated as described in Materials and Methods. 
Titers were determined in HT1080 cells. The numbers are the averages from 
triplicate experiments ± standard deviations. 



the number of blue cells and the p-gal activity in cell extracts 
decreased with increasing concentrations of 3'-azido-3'-deoxy- 
thymidine (data not shown). These results demonstrate that, in 
contrast to the MLV vector, HIV-l-based vectors can trans- 
duce quiescent cells efficiently and the HIV-l-encoded acces- 
sory proteins are not required to transduce these cells. 

To test the infectivity of HIV-l-based vectors in other cell 
types, primary human skin fibroblasts were allowed either to 
proliferate or to grow to confluency and then were infected 
with the three retroviral vectors described above. Fibroblasts 
grown to confluency become contact inhibited and arrested in 
the Gq/Gj phase of the cell cycle (data not shown). As shown 
in Fig. 4, the three vectors exhibit similar transduction efficien- 
cies in dividing fibroblasts. However, in quiescent cells, MLV- 
P-gal vector transduction dropped to barely detectable levels. 
The capacity of v653CMVp-gal(+) remained unchanged. In 
contrast, v653CMVp-gal(-), which is defective for the HIV-1 
accessory proteins, showed a four- to sevenfold-decreased level 
of efficiency in transducing the contact-inhibited fibroblasts 
relative to the v653CMVp-gal(+) vector. These results suggest 
that the requirement for accessory proteins for efficient trans- 
duction by HIV-l-based vectors is cell type dependent. 

DISCUSSION 

The ability of HIV-based vectors to infect terminally differ- 
entiated cells and quiescent cells makes them suitable vectors 
for direct in vivo gene delivery. However, large-scale produc- 
tion and purification of HIV vectors require the establishment 
of stable packaging cell lines. Since HIV-1 encodes at least 
nine proteins and stable expression of some of these proteins, 
such as Vpr, is known to be extremely toxic to the cells (21, 34), 
selective expression of only those proteins absolutely essential 
for vector production and infectivity is important. 

Consistent with previous studies, transient transfection into 
293T cells of all the required components for HIV production 
resulted in high-titer vector production in the present study. 
Mutation of the genes encoding HIV-1 accessory proteins has 
little effect on vector production. Efficient HIV-1 infection 
requires the presence of the Nef protein, which appears to 
facilitate virus capsid disassembly upon infection (3, 38). The 
requirement for Nef for virus uncoating can be bypassed if the 
virus is pseudotyped with VSV G protein (2), which may ex- 
plain why there was no significant titer reduction in the present 
study. Vpu has been shown to facilitate the release of budding 
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FIG. 2. Stimulation of vector production by sodium butyrate. Vectors de- 
rived from either pCM V-HIV-1 or pCHGP-2 were generated in 293T cells in the 
presence of various concentrations of sodium butyrate as indicated. Titers were 
determined in HT1080 cells as described in Materials and Methods. Values arc 
the ratios of titers with sodium butyrate to titers without sodium butyrate for 
each vector. This experiment was repeated once, and similar results were ob- 
tained (data not shown). 



virus particles from the surfaces of infected cells (42). The 
enhancement of capsid release is cell type dependent and is not 
limited to HIV; it can also facilitate the release of visna virus 
and MLV from infected cells (15, 37). The Vpu-deficient vec- 
tor is generated from 293T cells by transient transfection. Since 
293T has an extremely high transfection efficiency, this proce- 
dure presumably produces excessive amounts of the vector 



Z -01 



5 -001 



.0001 




Dividing 



Quiescent 



FIG. 3. Transduction efficiency in HeLa cells. Three hundred microliters of 
MLV-p-gal with a titer of 2.8 X 10 6 IU/ml (H), v653CMV|3-gal(-) with a titer 
of 1.4 X 10 6 IU/ml (^), or v653CMV(S-gal(+) with a titer of 3.7 X 10 6 IU/ml 
( ' ' ) was used to transduce actively dividing or growth-arrested HeLa cells in 
12-well plates. The cells were harvested 2 days after transduction, and the total 
[J-gal activity was determined by blue-cell count after X-Gal staining. The results 
are presented as the percentage of the vector titer observed in HT1080 cells for 
each viral preparation ([titer in dividing or quiescent HeLa cells/titer in HT1080 
cells] X 100). The experiment was repeated with 100 and 30 u,l of the same vector 
stocks, and similar results were observed. Transduction of the HeLa cells with 
different vector stocks was repeated at least twice, and similar results were 
obtained (data not shown). 
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FIG, 4. Transduction efficiency in human skin fibroblasts. Ten microliters of 
MLV-p-gal (M), v653CMVp-gal(-) (^), or v653CMV|i-gal(-f ) (CZI) was 
used to infect dividing and quiescent fibroblasts in a 12-well plate. Two days after 
transduction, the titer was determined by blue-cell counting after X-Gal staining. 
Data for transduction of quiescent and dividing fibroblasts are presented as the 
percentage of the titer observed in growing HT1080 cells for each viral prepa- 
ration ([titer in growing or quiescent fibroblasts/titer in HT1080 cells] X 100). 
The values are averages from four experiments, with standard deviations. 



genome as well as HIV-encoded proteins, which may make the 
Vpu effect negligible. Alternatively, Vpu may have no effect on 
virus release from 293T cells, as observed for a number of 
other cell lines (36). The Vpr protein, like HIV MA and 
integrase, contains a nucleophilic determinant that permits 
nuclear localization of viral nuclear capsid and replication in 
nondividing cells (18). Mutation of Vpr, however, has no effect 
on the virus infectivity in proliferating cells such as the growing 
HT1080 cells used to determine the titer of the Vpr-deficient 
vector. Vif acts during virus assembly to make the virus particle 
competent for subsequent infection (43). However, this effect 
is dependent on the cell type from which the virus is generated 
(10). The absence of a titer decrease for the Vif-deficient 
vector may reflect the permissiveness of 293T cells to comple- 
ment the Vif defect. 

When the minimal pCHGP-2 packaging construct is used, 
our results showed, as predicted, that p24 expression from 
transfected cells is strongly dependent on the presence of Rev. 
Interestingly, when the HBV PRE transport element was used, 
its mRNA-transporting activity appeared to be strongly in- 
creased when the Rev protein was coexpressed, although it was 
still considerably lower than that of the RRE-Rev system. This 
transactivating property was not observed when the RevMlO 
(27) transdominant negative mutant was used (14). In addition, 
it has been suggested that HBV and RRE mRNA transport 
from the nucleus to the cytoplasm could involve the same 
pathway (35). Together, these data suggest that Rev could 
enhance PRE transport activity directly by binding the PRE 
sequence or indirectly by recruiting cellular factors involved in 
the nuclear export mechanism. Insertion of the HBV PRE into 
the second intron of HIV-1 has been shown to increase the 
accumulation of the unspliced RNA in the cytoplasm, demon- 
strating that this element can facilitate RNA exit from the 
nuclei (19). However, the present study demonstrates that the 
PRE from HBV slightly increases p24 expression or vector 
production from the transfected cells only when Rev is ex- 
pressed. Therefore, PRE, as a transport element, does not 
appear to be useful for our purpose to bypass the HIV-1 Rev 
protein requirement. 

In contrast, pCHGP-4, which contains the CTE derived 
from the MPMV genome, enables Rev-independent expres- 
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sion of p24, as it is not stimulated significantly by cotransfec- 
tion of pCMV-Rev. However, the p24 level derived from cells 
transfected with pCHGP-4 is at least fivefold lower than that 
with pCHGP-2 in the presence of Rev. In these experiments, 
pCHGP-2 was cotransfected with pCMV-Rev, and as a result, 
large amounts of Rev may be available in the transfected cells 
to efficiently transport RRE-containing transcripts from nuclei 
into the cytoplasm. In contrast, the CTE in pCHGP-4 interacts 
with endogenous factors which may be in limited supply com- 
pared with Rev generated from transient transfection. One 
such factor interacting with the CTE of MPMV has recently 
been identified as ATP-dependent RNA helicase A (41). Thus, 
a difference in the endogenous levels of the protein factors 
required for efficient transportation of either RRE- or CTE- 
containing transcripts may account for the observed difference 
in p24 expression of these two constructs. Alternatively, the 
RRE and Rev may be intrinsically more efficient than the CTE 
to transport the HIV-encoded messages. The efficiency of 
transporting HIV-encoded messages by either the RRE or 
CTE can be elucidated with cell lines stably expressing the 
HIV Rev protein. 

Our results demonstrate that HIV-derived vectors transduce 
nonproliferating cells efficiently, whereas the MLV vector fails 
to give detectable transduction. This observation is consistent 
with the fact that at least three nuclear localization signal- 
containing proteins, including MA, Vpr, and integrase, are 
present in the lentivirus particle, and these proteins facilitate 
active transport of the nucleocapsid from the cytoplasm into 
the nuclei of the infected cells. The functional redundancy of 
these proteins may explain why accessory protein-deficient vec- 
tor particles can still infect growth-arrested HeLa cells at the 
same efficiency as vector particles containing all of the acces- 
sory proteins. These results are consistent with the recent ob- 
servations reported by others that the accessory proteins are 
not required for efficient infection of growth -arrested 293T 
cells (23, 46). However, the infectivity of the accessory protein- 
deficient vector in contact-inhibited primary human skin fibro- 
blasts is reduced approximately threefold compared with that 
of the vector containing all of the accessory proteins. Our 
results suggest that for efficient infection of this cell type, the 
accessory proteins, either alone or in combination, are bene- 
ficial. We conclude that the effect of HIV accessory proteins on 
infectivity is dependent on the cell type or cell proliferation 
state. This conclusion is in agreement with the results reported 
by Zufferey et al. (46) and Kafri et al. (22) that for efficient 
infection of human macrophages in culture and adult mouse 
livers in vivo, the presence of accessory proteins enhances 
infectivity, whereas they are dispensable for efficient infection 
of neuronal cells in vivo. 

High-titer HIV-1 vectors have so far been generated from 
293T cells by transient transfection. Although this method is 
convenient, it is not suitable for mass vector production for 
clinical application. Establishment of stable packaging cell 
lines for HIV vectors not only overcomes the mass production 
problem, but it will also make helper virus generation unlikely 
because multiple homologous recombination events are re- 
quired for such an event to occur. Such events occur more 
frequently before stable transfection and integration take 
place. Our results suggest that while the CTE can partially 
alleviate the requirement for stable Rev expression in the 
packaging cell lines, a combination of Rev and the RRE still 
generates significantly higher vector titers than the CTE. The 
HIV-l-encoded accessory proteins are not required for effi- 
cient vector production from 293T cells, and the infectivity of 
the resulting vector is similar to that of the vector containing all 
accessory proteins except in the case of primary human skin 
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fibroblasts. Recent results from Kim et at. (23) suggest that the 
requirement for Tat can be bypassed by using an HIV vector 
containing a hybrid HIV LTR with the U3 regions replaced 
with the CMV promoter. Based on these studies, the indis- 
pensable components of the packaging cell lines for HIV vec- 
tors should therefore be only gag, pol, Rev, and VSV G pro- 
tein. To efficiently infect cell types such as quiescent skin 
fibroblasts and hepatocytes, some of the accessory proteins wilt 
have to be expressed in the packaging cell lines. The present 
study should help to facilitate the successful establishment of 
packaging cell lines for HIV-1 -derived vectors. 
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Lentivirus vectors can transduce dividing and nondividing cells. Using three-plasm id transient trans fec- 
tions, high-titer (>10 9 IU/ml) recombinant lentivirus vectors pseudotyped with vesicular stomatitis virus G 
(VSV-G) protein can be generated (T. Kafri et al., Nat. Genet. 17:314-317, 1997; H. Miyoshi et al., Proc. Natl. 
Acad. Sci. USA 94:10319-10323, 1997; L. Naldini et al., Science 272:263-267, 1996). The recombinant lenti- 
vi ruses can efficiently infect brain, liver, muscle, and retinal tissue in vivo. Furthermore, the transduced tissues 
demonstrated long-term expression of reporter genes in immunocompetent rodents. We now report the gen- 
eration of a tetracycline-inducible VSV-G pseudotyped lentivirus packaging cell line which can generate virus 
particles at titers greater than 10 6 IU/ml for at least 3 to 4 days. The vector produced by the inducible cell line 
can be concentrated to titers of 10 9 IU/ml and can efficiently transduce nondividing cells in vitro and in vivo. 
The availability of a lentivirus packaging cell line will significantly facilitate the production of high-titer 
lentivirus vectors for gene therapy and study of human immunodeficiency virus biology. 



Retrovirus vectors have been used extensively for gene ther- 
apy (23). However, currently available recombinant retroviral 
vectors are not suitable for in vivo gene delivery because they 
can transduce dividing cells only. The advent of lentivirus vec- 
tors has overcome this obstacle and can efficiently transduce a 
variety of tissues in vivo, including brain, liver, muscle, retina, 
and hematopoietic cells. Sustained expression of the transgene 
in the transduced tissues of immunocompetent mice or rats 
further boosts their utility as a desirable vector for gene ther- 
apy. 

Human immunodeficiency virus (HIV) -based vectors have 
been generated by transient transfection of (i) the packaging 
construct plasmid encoding Gag-Pol, Tat, Rev, Nef, Vpr, Vpu, 
and Vif proteins; (ii) a plasmid encoding vesicular stomatitis 
virus G (VSV-G) protein; and (iii) the vector containing the 
HIV long terminal repeats (LTRs), packaging signal, Rev re- 
sponse element, and foreign promoter driving the transgene 
(10, 13-15). Recombinant viruses with titers of 3 X 10 6 IU/ml 
were generated which could be concentrated by centrifugation 
to titers of 1 X 10 9 to 3 X 10 9 IU/ml (10, 12, 13). To facilitate 
vector production for in vivo experiments in larger animals we 
need to develop a stable VSV-G pseudotyped lentivirus vector 
packaging cell line. An earlier report on the development of a 
tetracycline-inducible VSV-G pseudotyped murine leukemia 
virus vector packaging cell line encouraged us to adopt a sim- 
ilar approach (16). Lentivirus vector packaging cells have pre- 
viously been described but the vector titers were quite low 
(1, 3, 6, 18, 19, 25). Additionally, some of the viral accessory 
proteins in these cell lines were either missing or nonfunctional 
(25). In some of these cell lines, the gene encoding the enve- 
lope protein and the genes encoding the packaging proteins 
were transcribed from the same expression cassette, thereby 
increasing the probability of generation of helper viruses. Fur- 
thermore, none of the earlier cell lines expressed the VSV-G 
envelope protein that allows vector concentration and expands 
the range of target tissues. A major hurdle in the construction 
of a packaging cell line generating recombinant lentiviruses 
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was that VSV-G and some HIV proteins, including protease 
and Vpr, have been reported to be cytotoxic (11, 17, 20). Here 
we describe the generation of an inducible lentivirus vector 
packaging cell line that was constructed in 293 cells and that 
constitutively expresses a tetracycline-regulated transactivator 
(tTA) (8, 9). All HIV type 1 (HIV-1) genes (excluding the 
HIV-1 envelope gp 120) are transcribed in the cell line from a 
single expression cassette, which is regulated by tetracycline 
(8). In addition, the cell line expresses the VSV-G envelope 
protein and the green fluorescent protein (GFP) from a 
bidirectionl tetracycline-regulated promoter. This gives the 
advantage not only of pseudotyping the lentivirus vectors with 
the VSV-G envelope but also of monitoring the induction 
process. A rapid and high level of gene induction can be ob- 
tained by the addition of sodium butyrate. Following transduc- 
tion by lentivirus vectors, the novel packaging cell line can 
generate vector particles at titers greater than 10 6 IU/ml for at 
least 3 to 4 days. The vectors produced by the inducible cell 
line can be concentrated and can transduce growth-arrested 
cells in culture and in terminally differentiated neurons in 
immunocompetent rats. 

MATERIALS AND METHODS 

Plasmid construction. pSKVG was constructed by cloning the £coRI VSV-G 
(Indiana serotype) from pMDG (15) into thefcoRI site of Bluescript SK + . The 
GFP coding fragment was excised from pEGFP-Nl by Sacl-Notl digestion and 
ligated to the Sacl-Notl fragment of Bluescript SK + to create pSKGFP. The Pstl 
fragment containing the GFP coding region from pSKGFP was ligated to the Pstl 
site in pBI (Clontech 6152-1) to create pBIGF. The Nhel-EcoRV fragment 
containing the VSV-G coding region from pSKVG was ligated to the Xbal-Pvull 
sites in pBIGF to create pBIGFVS. The BamHl-Bglll fragment containing a 
minimal cytomegalovirus (CM V) immediate-early gene promoter linked to seven 
tandem copies of the tetR-binding site replaced the CMV promoter (Bglll- 
BamHl fragment) in pcDNAneo to create phCMVn. The plasmid pPTK was 
constructed by ligation of the Bgll-Sacll fragment bearing the genes encoding all 
the HIV-1 proteins from pAR8.2 (14) to the Bgll (partial)-SacII fragment from 
phCMVn. The Xhol fragment containing the neomycin resistance gene was 
deleted from ptTet-Off (Clontech K1620-A) to create ptTAAn, from which a 
fusion protein containing the carboxy terminus of the tetracycline repressor and 
the herpes simplex virus VP16 transactivation domain is expressed under the 
control of the CMV promoter. The pCLBFP was constructed by ligation of the 
BamHl-EcoRl fragment containing the blue fluorescent protein (BFP) gene 
from pEBFP (Clontech 6068-1) into the BamHUEcoRl fragment of pCL. The 
Hindlll-Notl fragment containing the BFP coding region was inserted into the 
Hindlll-Notl fragment of pcDNA3.1/hygro (Invitrogen V870-20) to create 
pcDNABFP. 
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Vector production. All the cell lines in this study were maintained in Dulbec- 
co's modified Eagle's medium containing tetracycline-free 10% fetal calf serum 
(Clontech 8630-1). To generate the stable cell line SODkO that expresses the 
fusion protein tetracycline repressor-VP16 transactivation domain, human 293 
embryonic kidney cells were cotransfected with 20 u,g of ptTAAn and 1 u,g of 
pSRotBSR that expresses the blastocydine resistance gene by the calcium phos- 
phate precipitation method (5). Individual cell colonies were selected with 20 u,g 
of blastocydine/ml. The lentivirus vector stable packaging cell line SODkl was 
generated by transfection of SODkO cells with 10 u,g of pPTK and 10 |xg of 
pBIGFVS. The transfected cells were selected for neomycin resistance (400 
u,g/ml) in the presence of 0.7 u,g of doxycycline/ml. Individual colonies were 
screened for HIV-1 p24 and GFP production and cell fusion in the presence or 
absence of doxycycline as follows. Cells from a confluent 10-cm plate were split 
by a ratio of 1:4 into PolyLysine precoated plates. Induced cells were cultured in 
the absence of doxycycline. Cell media were changed daily. Control cells were 
cultured in the presence of 0.7 u,g of doxycycline/ml. On day 4 postinduction, the 
levels of HIV-1 p24 in conditioned media were measured by enzyme-linked 
immunosorbent assay (ELISA) (DuPont). Cell fusion was used as a marker for 
VSV-G production, and GFP production was determined by fluorescence mi- 
croscopy. The colony that was found to be negative for p24 and GFP production 
in the presence of doxycycline and yet showed the highest levels of p24 produc- 
tion (>800 ng/ml) with more than 85% green cells upon induction was chosen 
as the packaging cell line for the lentivirus vector. The lentivirus vector pro- 
ducer cell line SODklCGFI was generated by transducing SODkl cells with 
HRcmvGFP lentivirus vector using a multiplicity of infection (MOI) of 2. 

SODklCGFI cells were split from a confluent 10-cm plate into a precoated Poly- 
Lysine plate at a ratio of 1:4 in the absence of doxycycline. Twenty-four hours 
after the split, the cells were washed twice with phosphate-buffered saline (PBS) 
and refed with doxycycline-free media that contained 5 mM sodium butyrate. 
The media were replenished daily. Induced SODkl CGFI-conditioned media 
were filtered through a 0.45-u.m-pore-size filter and assayed daily for vector titers 
and p24 concentration by serial dilutions on 293 cells and by p24 ELISA, re- 
spectively. To further concentrate the vector, conditioned media were collected 
3 days after addition of sodium butyrate filtered as described above and ultra- 
centrifuged at 50,000 x g for 2 h. The pellet was rcsuspended and incubated for 
2 h at 37°C in Tris-buffered saline (TBS) containing 10 mM MgC12, four dNTPs 
(0.1 mM each), 3 mM spermine, and 0.3 mM spermidine. After a second ultra- 
centrifugation at 50,000 X g for 2 h, the vector was rcsuspended in TBS with 2 u,g 
of Polybrene/ml. The concentrated vector was assayed for p24 concentration and 
titrated on 293 cells as described above. 

Protein analysis. Induced (3 days after adding sodium butyrate) and unin- 
duced (cultured in the presence of doxycycline) cells were lysed, and proteins 
were denatured by boiling for 10 min in a buffer containing 68 mM Tris (pH 6.8), 
50 mM NaCl, 0.5 mM EDTA, 20 fig of aprotinin/ml, 50 u,g of phenylmethylsul- 
fonyl fluoride/ml, 1.5% sodium dodecyl sulfate (SDS), 5% glycerol, and 5% 
(3-mercaptoethanoI. Twenty micrograms of the denatured protein was separated 
on a 12.5% polyacrylamide gel containing SDS and blotted onto an Immobilon-P 
membrane (Millipore). After blocking with 5% nonfat milk in PBS-0.2% Tween 
20 for 15 min, the membranes were incubated with mouse monoclonal anti- 
VSV-G (Sigma V-5507) or with rabbit HIV-1 Vpr (National Institute of Allergy 
and Infectious Diseases, AIDS Research and Reference Reagent Program, re- 
agent 3252) and then with goat anti-mouse immunoglobulin horseradish perox- 
idase (Pierce) or donkey anti-rabbit horseradish peroxidase (Amersham), re- 
spectively. The protein bands were detected with an ECL kit (Amersham). 

Transduction of nondividing cells. Serial dilution of induced SODkCGFVGI- 
conditioned media was used to transduce either HeLa cells arrested by culturing 
in the presence of 15 u,g of aphidicolin/ml for 12 h or human embryo fibroblasts 
arrested by culturing for 48 h in 0.1% fetal calf serum. Titers were scored 48 h 
posttransduction by dividing the number of GFP-positive foci by the dilution 
factor. 

Assays for replication-competent virus. We used three independent methods 
to assay for replication-competent virus. 

(i) tat transfer assay. This assay is based on a reporter HeLa P4.2 cell line 
which expresses CD4 and contains an integrated lacZ reporter gene driven by the 
HIV LTR. Since the HIV LTR is not active in naive HeLa cells, the expression 
of the lacZ gene in P4.2 cells can serve as a sensitive indicator for the presence 
of HIV tat (4). The sensitivity of the assay was of 20 tar-transducing units per ml 
of test medium. The use of the P4.2 cell line as an indicator of HIV-1 helper 
activity in lentivirus vector stocks was described extensively in the past (15). In 
our assay, 10 5 P4.2 cells were transduced with 10 6 IU of the vector. The trans- 
duced cells were serially passaged for 3 weeks (about five passages), after which 
they were scored for HIV-1 tat activity by X-Gal (5-bromo-4-chloro-3-indolyl-p- 
D-galactopyranoside) staining. Using this method, no transduction of tat was 
detected. 

(ii) HIV gag transfer assay. This method is based on measuring p24*°* in 
conditioned media obtained from vector-transduced cells. The use of this meth- 
od to assay for HIV-1 helper activity in lentivirus vector stocks and its sensitivity 
was previously described (15). In our assay, 10 5 p4.2 cells were transduced by 
vector particles at an MOI of 10. Following five passages in culture, the concen- 
tration of p24P ag in conditioned media obtained from these cells was determined 
by ELISA (p24 ELISA kit; NEN Life Science Products). The detection limit of 
this method is 2:1 pg/ml, which is about 1 to 2 IU/ml. By this method, vector 



preparation is considered helper negative when p24 concentrations are below 
detection levels. 

(iii) Marker rescue assay. A total of 10 5 p4.2 cells transduced with HR'CMV 
GFP lentivirus vector (p4.2G.) were plated on a 10-cm-diameter plate and 
transduced with 10 6 IU of the tester vector stock. The transduced cells were 
cultured for 3 weeks, after which conditioned medium was harvested and filtered 
through a 0.45-u.m-pore-size filter. A total of 10 5 293T cells were transduced in 
a 10-cm plate with 10 ml of the medium in the presence of 4 u,g of Polybrene/ml. 
Seventy-two hours posttransduction, the cells were scored for GFP expression. 
Vector stock was considered helper free when no green cells were detected. 

FACS analysis. Trypsinized cells were resuspended in 5 ml of culture medium 
and washed in PBS minus Ca 2+ and Mg 24 *. The cells were fixed in 3 ml of 5% 
paraformaldehyde, washed twice in PBS, and diluted in PBS to a concentration 
of 10 6 cells/ml. Fluorescence-activated cell sorter (FACS) analysis for cellular 
GFP and BFP was performed by FACScan analysis (Becton Dickinson) with the 
CellQucst program (version 3.0. If; Becton Dickinson). 

RNA analysis. Total cellular RNA was isolated by using a Qiagen RNeasy kit. 
RNA (8 mg) was electrophorcsed on a 1.2% agarose-formaldehyde gel, trans- 
ferred to Hybond-N + (Amersham) membrane, and hybridized at 68°C to a 32 P- 
labclled DNA probe. The membrane was washed twice for 15 min in buffer 
containing 0.1% SDS-2X SSC (IX SSC is 0.15 M NaCl plus 0.015 M sodium 
citrate) at 68°C and once in buffer containing 0.1% SDS-0.1X SSC at 68°C for 
15 min. The washed membrane was exposed to Kodak X-Omat Blue XB-1 film. 

Transduction of brain of immunocompetent rat Adult female Fisher 344 rats 
(n = 6) were anesthetized (80 mg of ketamine, 0.75 mg of acepromazine, and 4 
mg of xylazine per ml/per kg of body weight), and 2 u,l of the viral-vector 
concentrated stock (1 x 10 9 IU/ml) was injected into the left striatum (anterior- 
posterior, + 1; medial lateral, 3.5; dorsal-ventral, 4) with a 10-u.l Hamilton sy- 
ringe. After 4 weeks, the rats were deeply anesthetized and perfused intracardi- 
ally with 100 ml of saline followed by 200 ml of 4% paraformaldehyde. Brains 
were postfixed for 24 h and stored in 30% phosphate-buffered sucrose at 4°C 
until sectioning. Brains were frozen and sectioned on a sliding microtome into 
40-u.m slices. Sections were washed and blocked in TBS with 3% donkey serum 
and 0.3% Triton X-100 (TBS plus). Primary antibodies raised in two different 
species were pooled in TBS-plus and incubated for 48 h at 4°C. The antibody for 
Neu-N (mouse monoclonal antibody [a generous gift of R. J. Mull in]; 1:20) was 
combined with antibody for GFAP (glialfibrillary acidic protein) (guinea pig 
polyclonal antibody [Advanced Immunochemicals]; 1:500), Corresponding sec- 
ondary antibodies (donkey anti-mouse Texas red and donkey anti-guinea pig 
Cy5; 1:250) were pooled, and sections were incubated for 4 h at room temper- 
ature following washing in TBS plus. Every 12th section was mounted and 
coverslipped with DABCO-PVA. Sections were analyzed by confocal scanning 
laser microscopy (Bio-Rad). To determine the nature of transduced cells, dou- 
ble-labelled sections were scanned with a confocal laser microscope, and a 
representative sample of 100 transduced cells was examined for colocalization of 
GFP with either NeuN or GFAP. 



RESULTS 

SODkO: a tTA cell line. The extensive characterization of the 
tetracycline-inducible system encouraged us to use this regu- 
latory control in the development of the lentivirus vector pack- 
aging cell line. As a first step, we generated a 293 (human 
embryonic kidney) cell line that constitutive ly expresses the 
tTA. The tTA is a fusion product of the amino terminal-DNA 
binding domain of the tet repressor and the carboxy-terminal 
activation domain of VP- 16 from herpes simplex virus (8). In 
the absence of tetracycline, tTA binds to the ^/-responsive 
elements (TRE) in the tet operator (tetO) and efficiently acti- 
vates transcription from downstream minimal promoters. The 
association between tTA and the TRE is prevented by tetra- 
cycline; therefore, in the presence of low concentrations of 
tetracycline or its derivative deoxycycline, transcription from 
TRE is turned off. We cotransfected 293 cells with a plasmid, 
ptTAAn, that expresses tTA from the early promoter of CMV 
and with plasmid pSRaBSR expressing the blastocidine resis- 
tance gene from the SRa promoter (21). Stably transfected 
clones were selected by culturing in the presence of blastoci- 
dine, and 20 cell clones whose growth rates did not differ 
significantly from that of the parental 293 cells were screened 
for tTA expression. Each clone was cotransfected with plasmid 
pBIGF that expresses GFP from a tetracycline-regulated pro- 
moter and plasmid pcDNABFP expressing BFP from a CMV 
promoter. The transfected cells were cultured either in the 
presence or the absence of doxycycline, a potent derivative of 
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FIG. 1. Screening for tTA-expressing 293 cells. Human embryonic kidney 293 cell clones that stably expressed the tTA gene were transiently co transacted with the 
pBIGF plasmid that produced the GFP under the control of the tetracyclinc-regulated promoter and the pcDNABFP plasmid that expressed the BFP under the control 
of the CMV promoter. Activation of the tetracyclinc-regulated promoter by the tTA in the presence and the absence of doxycycline (DOX) was evaluated by GFP 
expression and was determined by FACS analysis (x axis). BFP expression from the CMV promoter served as a standard for transfection efficiency and transcription 
activity and was determined by FACS analysis (y axis). Nontransfected human embryonic kidney 293 cells that expressed the tTA gene served as a negative control for 
either GFP or BFP expression. 



tetracycline (9). By fluorescence microscopy and FACS anal- 
ysis we could evaluate the relative expression of GFP (as a 
reporter for tTA activity) and the expression of BFP (as a 
standard for transfection efficiency and transcription activity). 
The FACS analysis of SODkO cells transfected with pBIGF 
and pcDNABFP in the presence of doxycycline shows little 
GFP, whereas in the absence of deoxycycline, intense GFP 
staining can be identified. Based on the relative induction of 
GFP and the efficiency of transfection (Fig. 1), we chose 
SODkO as a parental cell line for development of inducible 
lentiviral vector packaging cell line. 



SODkl packaging cell line. To generate an inducible VSV- 
G pseudotyped lentivirus packaging cell line, we molecularly 
cloned the VSV-G gene and the entire HIV packaging cassette 
into tetracycline-inducible vectors. The VSV-G gene was cloned 
into pBIGF to generate pBIGFVG from which the GFP and 
the VSV-G are transcribed under the regulation of a bidirec- 
tional tetracycline-inducible promoter (Fig. 2). The HIV-1 
packaging cassette was cloned into phCMVn to generate pPTK, 
from which all HIV-1 genes (except the HIV-1 envelope 
gpl20) are expressed under the control of a tetracycline-regu- 
lated promoter (Fig. 2). Before establishing a producer cell 
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FIG. 2. Inducible envelope and packaging constructs. pBIGFVG is an induc- 
ible plasmid that expresses the VSV-G envelope and the GFP genes under the 
control of a bidirectional tetracycline-inducible promoter. This promoter con- 
tains two human CMV minimal promoters (phi and ph2) separated by the TRE. 
Arrows indicate transcription directions. The simian vims 40 (SV40) and p-glo- 
bin polyadenylation signals are indicated. The pPTK plasmid contains an HIV-1 
genomic fragment that encodes all HIV-1 genes excluding the HIV-1 envelope 
(AR.8.2) under the regulation of an inducible promoter. This promoter contains 
the TRE and the human CMV minimal promoter (pHCMV). Also indicated are 
the bovine growth hormone polyadenylation signal (BGHpA), the SV40 pro- 
moter and origin (SV40ori), the neomycin resistance gene (Neo), the SV40 poly- 
adenylation signal (S V40pA) } the ColEl origin (ColEl ori), and the fl origin (flori). 



line, we wanted to evaluate the potential of inducible packag- 
ing systems to produce virus particles. Therefore, we transient- 
ly cotransfected SODkO cells with the inducible packaging plas- 
mid pPTK, the inducible envelope plasmid pBIGFVS, or the 
previously described pMDG plasmid that expresses the VSV- 
G envelope under the regulation of the CMV promoter and 
the vector plasmid pCLCG (12). To standardize vector pro- 
duction, we also generated vector particles by transiently trans- 
fecting 293T cells with the vector plasmid pCLCG, pMDG 
(VSV-G envelope), and the AR8.2 (packaging) plasmids that 
were previously described (14). Based on p24 (viral gag) levels 
in the conditioned media of transfected cells and the actual 
vector titers (Table 1), we conclude that vector production by 
the tetracycline-regulated packaging and envelope constructs 
is similar if not more efficient than the transient three-plasmid 
transfection method previously employed (10, 12-15). 

Encouraged by these results, we embarked on the establish- 
ment of a stable packaging cell line. The pPTK packaging 
construct that also expresses the neomycin resistance gene 
(Fig. 2) and the pBIGFVG envelope construct were cotrans- 
fected into the SODkO cell line. Thirty-five stably transfected 
cell clones were isolated and screened for inducible regulation 
of the VSV-G-GFP and the HIV packaging cassettes. Twenty 
cell clones in which at least 90% of the cells turned green 48 h 



after the withdrawal of doxycycline were selected. The second 
stage of the screening was aimed at the isolation of the clone 
in which the highest expression levels of the HIV-1 packaging 
proteins were obtained following induction. The cells were cul- 
tured in the presence or absence of doxycycline, and HIV 
gag protein production was determined by p24 sag ELISA. The 
SODkl clone was found to be most promising since the p24 sag 
concentration in the media was below detection level in the 
presence of doxycycline and higher than 800 ng/ml without it. 

Induction by sodium butyrate. Surprisingly, the percentage 
of SODkl cells that turned green upon doxycycline withdrawal 
gradually declined and within 1 month of the isolation of the 
SODkl clone, less than 10% of the cells could be induced to 
express GFP. In parallel, we observed a prolongation in the 
time required to reach maximal levels of p24 sas . Interestingly, 
this phenomenon was common to all 20 cell clones. The fact 
that the SODkl cells were resistant to blastocidine and neo- 
mycin indicated that the tTA and the packaging plasmids were 
still integrated in their genome. We attributed the changes in 
the kinetics and magnitude of SODkl cells induction to chro- 
matin remodeling. To test this assumption, SODkl cells were 
transduced with the pLBFPL vector in which the expression of 
the BFP is controlled by the HIV-1 LTR. Since the activation 
of the HIV LTR in 293 cells is tat dependent, we could monitor 
the induction of the pPTK packaging plasmid by monitoring 
BFP expression. Expression of pPTK will provide the tat pro- 
tein, which in turn will activate HIV LTR to transcribe and 
express BFP. We hypothesized that a potent inhibitor of 
deacetylation, such as sodium butyrate (22, 24), could revert 
some of the repressive effects of chromatin on tetracycline- 
regulated promoters. To test our hypothesis, SODklBIue cells 
were cultured in the absence of tetracycline and 48 h later, 5 
mM of sodium butyrate was added to half of the samples. By 
FACS analysis, we evaluated the induction of the pBIGFVG 
envelope and the pPTK packaging constructs by the expression 
of the GFP and the BFP, respectively. Figure 3 demonstrates 
that sodium butyrate has a dramatic effect on the magnitude of 
induction in SODkl cells. The time course analysis of SODkl 
cells in the presence of sodium butyrate shows that the activa- 
tion of the pPTK packaging plasmid and the pBIGFVG enve- 
lope is relatively synchronized and reaches maximal levels 3 to 
4 days after doxycycline withdrawal (Fig. 4). To further evalu- 
ate the efficiency of doxycycline regulation of gene expression, 
we measured the amount of both the Vpr (one of the products 
of pPTK) and the VSV-G (encoded by pBIGFVG) proteins by 
Western blot analysis. Constitutive expression of these proteins 
is not compatible with long-term cell culturing because both 



TABLE 1. Vector production by transient three-plasmid 
transfection of SODkO cells 0 



Cells 


Packaging 


Envelope 


p2A^ g level 
(ng/ml) 


Vector titer 
(IU/ml) 


SODkO 


pPTK 


pMDG 


206 


3.5 x 10 6 


SODkO 


pPTK 


pBIGFVG 


114 


2.0 X 10 6 


293T 


AR8.2 


pMDG 


53 


1.5 x 10 6 



a To investigate vector production by the inducible envelope and packaging 
constructs, the vector-producing plasmid pCLCG and the inducible packaging 
plasmid pPTK were cotransfected to SODkO cells with either the inducible 
VSV-G envelope plasmid pBIGFVG or the CMV promoter-regulated VSV-G 
envelope-producing plasmid pMDG. As a positive control, 293T cells were tran- 
siently cotransfected with the vector-producing plasmid pCLCG, the Ar8.2 and 
the pMDG plasmids that expressed the VSV-G envelope and the HIV-1 pack- 
aging genes, respectively, under the control of the CMV promoter. Forty-eight 
hours posttransfection, vector titers and p24P° g levels in conditioned media were 
determined by serial dilutions on 293T cells and by ELISA, respectively. 
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FIG. 3. Induction by sodium butyrate. SODklBlue cells were induced by doxycycline (DOX) withdrawal in the presence or absence of sodium butyrate. Expression 
of the BFP and GFP was determined by FACS analysis (y and x axis, respectively) and reflected the activation of the inducible HIV-1 packaging and the VSV-G 
envelope cassettes, respectively. Noninduced SODklBlue cells served as a negative control. 



proteins are cytostatic or cytotoxic (7, 17, 20). Results shown in 
Fig. 5A indicate that, although the expression of both proteins 
is nearly undetectable in the presence of doxycycline (lanes 1 
and 3), it is dramatically increased upon doxycycline with- 
drawal and butyrate treatment (lanes 2 and 4). We therefore 
conclude that the SODkl cell line allows regulated production 
of both HIV viral proteins required for packaging and VSV- 
G-encoded envelope protein. We next tested if the increased 
amount of VSV-G protein was in fact due to enhanced tran- 
scription of VSV-G gene in the presence of sodium butyrate. 
Figure 5B (lane 3) shows that, in the absence of deoxycycline, 
the addition of sodium butyrate leads to a greater-than-10-fold 
increase in VSV-G mRNA. Thus, the addition of sodium bu- 
tyrate directly affects transcription, which is reflected in the 
increased virus titers (see below). 

Lentivirus vector producer cell line. To generate a producer 
cell line, SODkl cells were transduced with CLCG lentivirus 
vector at an MOI of 2. The CLCG vector in the three-plasmid 
transfections (12) expresses GFP under the control of the 
CMV promoter; therefore, we could use fluorescence micros- 
copy to determine that between 80 and 90% of SODK1 cells 
were transduced. Since uninduced SODK1 cells were not pro- 
ducing VSV-G protein, there was presumably no interference 
to transduction by the CLCG vector containing VSV-G pro- 
tein. To induce vector production, the cells were cultured in 
the absence of doxycycline for 24 h followed by the addition of 



5 mM of sodium butyrate to half of the samples. Culture 
medium was replenished every 24 h, and vector production was 
determined by p24™ ELISA and by serial dilutions on 293T 
cells. Table 2 shows that 2 X 10^ IU/ml of vector can be 
generated in 24 h following the addition of sodium butyrate by 
the stable lentivirus vector producer cell lines. By day 4, nearly 
3 X 10 6 IU/ml of recombinant viruses can be obtained; how- 
ever, vector production at later time points was significantly 
reduced due to lower cell viability. The producer cells fuse to 
form syncytia (7). Furthermore, there was a correlation be- 
tween the actual vector titers that were determined by serial 
dilutions on 293T cells and the expected titer based on p24^ ag 
concentration. In the absence of sodium butyrate, the increase 
in p2A gas concentration was significantly slower. Although the 
maximal p24 g * g concentration was not affected by the absence 
of sodium butyrate, the actual vector titer as determined by 
serial dilutions on 293T cells was more than 100-fold lower 
than the titer obtained in the presence of butyrate. Since less 
than 90% of the SODklCGl cells were transduced with the 
GFP-expressing lentivirus vector, we could increase the titers 
by reinfecting the cells with the same lentivirus vector (data not 
shown). 

We next examined the lentivirus vector preparations from 
the SODklCGl cell line for the presence of helper virus. As in 
the past, we have relied on three independent methods: (i) the 
marker rescue assay; (ii) the tat transfer assay on vector- trans- 
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FIG. 4. Induction of SODklBlue cells. SODklBlue cells were induced by doxycycline withdrawal in the presence of sodium butyrate. Activation of the VSV-G 
envelope and the HIV-1 packaging cassettes was reflected by the expression levels of the GFP and the BFP genes, respectively, and was determined at days 0, 2, 3, and 
4 post induction by FACS analysis. 



duced P4.2 cells; and (iii) the p2¥ ag ELISA on vector-trans- 
duced P4.2 cells. No replication-competent helper virus could 
be detected by these methods (15). 

Properties of viral vectors obtained from the packaging cell 
line SODklCGl. To test the transduction of nondividing cells 
with lentivirus vectors produced by the SODklCGl packaging 
cell line, human embryonic fibroblasts (HEF) and HeLa cells 
were growth arrested at the Gj/S boundary of the cell cycle by 
culturing in low-serum media (0.1% fetal calf serum) or by 
aphidicolin treatment, respectively. Table 3 shows that lentivirus 
vector that was generated by the SODklCGl packaging cell 
line was as efficient at transducing Gj-arrested cells as pro- 
liferating cells. 

To investigate if the vector produced by SODklCGl pack- 
aging cell line can transduce nondividing cells in vivo, we con- 
centrated the vector by ultracentrifugation to titers of 10 9 IU/ 
ml. Two microliters of concentrated recombinant vector was 
injected into the corpus striatum of adult rat brain. Four weeks 
postinjection, the brains were sectioned and analyzed for GFP 



expression by confocal microscopy. Using immunofluorescence 
staining with antibodies for NeuN and GFAP, we could deter- 
mine whether the transduced cells were neurons or astrocytes. 
The results shown in Fig. 6 demonstrate that the vector pro- 
duced by the SODklCGl cell line can efficiently transduce 
terminally differentiated nondividing neurons. About 60% of 
the transduced cells were neurons, 32% of the transduced cells 
were astrocytes, and the remaining 8% showed neither marker. 
Preferential transduction of neurons over glial cells by lenti- 
virus vectors was previously reported (15), and the mechanism 
responsible for that has not yet been characterized. 

DISCUSSION 

Lentivirus vectors have the ability to deliver and to maintain 
long-term expression of transgenes in a broad range of tissues 
in vivo. To date, these vectors have been generated by transient 
three-plasmid transfections (10, 12-15). Although this method 
allows the generation of high-titer vectors, it limits the amount 
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FIG. 5. (A) Western blot analysis of Vpr and VSV-G protein induction. SODkl cells were induced by doxycycline (DOX) withdrawal and sodium butyrate (BUT) 
treatment. Three days postinduction, production of the HIV-1 Vpr (lanes 3 and 4) and the VSV-G envelope protein (lanes 1 and 2) in noninduced (lanes 1 and 3) and 
induced (lanes 2 and 4) cells was determined by Western blot analysis. (B) Northern analysis. Total RNA was extracted from either noninduced SODkl cells that were 
cultured in the presence of doxycycline (+DOX) or from SODkl cells that were induced by doxycycline withdrawal in the presence (-DOX + BUT) or the absence 
(-DOX) of 5 mM sodium butyrate (upper part of figure). RNA samples were ethidium bromide stained and electro phoresed in a 1.2% agarose gel (lower part of 
figure). The efficiency of RNA transfer to positively charged membrane was determined by UV fluorescence. The position of the 1 .6-kb VSV-G mRNA is indicated 
with an arrow. 



of vector particles that can be produced. It was important, 
therefore, to develop a stable cell line that can reproducibly 
generate high-titer lentivirus vectors in amounts that allow 
lentivirus-based gene therapy on large animal models. 

The fact that HIV protease, VSV-G, and HIV vpr genes 
have been reported to be cytotoxic or cytostatic when consti- 
tutively expressed mandated the use of an inducible system. 
Alternatively, we could substitute the VSV-G envelope with a 
nontoxic envelope gene (e.g., amphotropic env) and delete the 
accessory proteins from the HIV packaging cassette. This 
could allow us to screen for cell clones resistant to the HIV 
protease and yet constitutively produce vector particles. Our 
decision to establish an inducible cell line was based on two 
major considerations. First, we did not want to lose the major 
advantages offered by the VSV-G envelope, namely, the broad 
range of target tissues and the ability for vector concentration 
by ultracentrifugation (2). Second, we did not want to limit the 



TABLE 2. Effect of sodium butyrate on the induction of 
SODklCGl producer cell line" 



Result under conditions of Result under conditions of 
0 f -Dox and + sodium -Dox and -sodium 

( days butyrate butyrate 



postinduction) 


Vector titer 
(IU/ml) 


p24^* level 
(ng/ml) 


Vector titer 
(IU/ml) 


p24^ level 
(ng/ml) 


2 


2x 10 5 


120 


0 


12 


3 


1 X 10 6 


971 


1 X 10 2 


332 


4 


3 x 10 6 


1,150 


3X 10 4 


805 


5 






6X 10 4 


1,370 



a SODklCGl cells were induced by the withdrawal of doxycycline (-Dox) in 
the presence ( + ) or absence (-) of 5 mM sodium butyrate. Media were replen- 
ished every 24 h. Conditioned media were assayed daily for vector titers and 
p24 s °* levels were assayed by serial dilutions on 293T cells and by ELISA, 
respectively. The titers and pit?* 8 levels are averages of results from two inde- 
pendent experiments; there was no more than 25% variation between experiments. 



use of the lentivirus vector produced by the packaging cell line 
to tissues that may need complementation for the lack of HIV 
accessory proteins. Additionally we assumed that the cytotoxic 
effect of the HIV protease could eventually induce negative 
selection for cells that express this protein even if the parental 
cell clone was resistant to the protease. We chose to develop a 
regulated packaging cell line based on the well-defined and 
characterized tetracycline-inducible system (8, 9). 

In the process of establishing the inducible lentivirus vector 
packaging cell line, we observed a gradual decline in the reac- 
tivation of tetracycline-regulated promoters. The fact that ad- 
dition of 5 mM sodium butyrate to the culture media overrode 
the silencing process indicated that this phenomenon was in 
part the result of changes in chromatin remodeling in the 
tetracycline-regulated promoters. Interestingly, in the absence 
of sodium butyrate, p24 8 ° 8 production reached its maximal 
level within 4 to 6 days of doxycycline withdrawal. This result 
was in accordance with data presented in an earlier report 
showing that expression of HIV packaging proteins from a 
tetracycline-regulated promoter reached its maximal levels 6 to 
7 days after tetracycline withdrawal (25). Although maximal pro- 
duction of the HIV packaging proteins in the absence of sodium 
butyrate was not lower than the maximal level obtained in the 



TABLE 3. In vitro transduction of nondividing cells 0 





Vector titer (IU/ml) under conditions of: 


Cell type 


Cycling GJS arrest 


HEF 


5 x 10 5 4 x 10 5 


HeLa 


1 X 10 6 8 x 10 5 



a Lentivirus vectors generated by the SODklCGl producer cell line were ti- 
trated by serial dilutions on HEF and HeLa cells arrested in Gj/S by serum 
starvation for 48 h or by aphidicolin treatment, respectively. Vector titration on 
nontreated HEF and HeLa cells served as a control. The titers are averages of 
results from two independent experiments; there was no more than 25% varia- 
tion between the experiments. 
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FIG, 6. Transduction of brain of immunocompetent rat. Representative coronal section (40 \im thick) of a rat brain with unilateral striatal injection of 2 uJ of vector 
expressing GFP 4 weeks after injection. Low magnification (bar = 1 mm) and high magnification (inset) (bar = 100 u.m) are shown. Double labelling for NeuN (red) 
and GFAP (blue) was used. 



presence of butyrate, vector titers were almost 100-fold lower in 
the absence of butyrate. This observation can be explained by 
inefficient induction of the bidirectional tetracycline-regulated 
promoter from which the GFP and the VSV-G envelope protein 
are expressed. Clearly, sodium butyrate enhances transcription 
(Fig. 5B). However, we cannot rule out the possibility that part of 
the increase in vector titers stems from the effect of butyrate on 
HIV LTR or other endogenous genes. 

Interestingly, secondary transduction of SODklCGl cells 
with the GFP lentivirus vector results in a significant increase 
in vector titers (9a), which correlated with proportional in- 
crease of p24 sas levels in conditioned media. It is interesting, 
therefore, to investigate additional rounds of vector transduc- 
tion and see if p24 sag levels and vector titers increase. The un- 
cloned populations of SODklCGl packaging cell line that have 
been generated in this study produce high-titer VSV-G pseu- 
dotyped lentivirus vectors (up to 3 X 10 6 IU/ml). It is therefore 
reasonable to assume that even higher titers can be obtained 
once individual clones can be screened for the highest pro- 
ducer. 

In spite of the high-titer vector production, we did not detect 
helper virus in any of our vector preparations. There are sev- 
eral elements in our cell line that reduce the probability of 



generating replication competent virus, (i) The HIV packaging 
unit, the envelope, and the vector RNA are transcribed from 
separate expression units, (ii) The VSV-G envelope does not 
share any sequence homology with the vector or the packaging 
transcripts, (iii) The transcription of the vector, the envelope, 
and the packaging unit is limited to the time of induction, (iv) 
The VSV-G envelope is cytotoxic and therefore reduces the 
probability of being constitutively expressed. We believe these 
are important safety features. Further removal of additional 
viral genes (e.g., vpr, vpu, nef, vif, etc.) will add safety features 
to the lentivirus vector. 

In summary, we report here the establishment of a tetracy- 
cline-regulated lentivirus vector packaging cell line that repro- 
ducibly generates helper-free, high-titer VSV-G pseudotyped 
vectors. These vectors have a broad spectrum of target tissues 
and can be concentrated by ultracentrifugation to very high 
titers (higher than 10 9 IU/ml). Vectors produced by the new 
packaging cell lines efficiently transduced G 2 /S arrested cells in 
vitro and terminally differentiated neurons in brain of immu- 
nocompetent rat. The new packaging cell line allows large- 
scale production of lentivirus vectors and therefore will facili- 
tate human gene therapy efforts. 
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We have analyzed the structure and expression of the HIV-1 vif and vpr mRNAs. The results revealed that the 
predominant vif and vpr mRNAs belong to the intermediate size class of HIV-1 mRNAs and that their expression is 
dependent on the presence of Rev protein. In addition, low levels of a small multiply spliced vpr mRNA were produced 
by HIV-1 . cDNA cloning and expression of vpr cDNAs in eucaryotic cells revealed that high levels of Vpr were produced 
only from the intermediate-size mRNA in the presence of Rev. Thus, as demonstrated for the viral structural proteins, 
expression of Vif and Vpr is regulated by Rev. The arrangement of the splice sites and the Rev-RRE interaction are 
responsible for the regulation of viral expression, and especially for the switching from an early stage, producing only or 
primarily Tat, Rev, and Nef from multiply spliced mRNAs, to a late stage, leading to the production of Gag, Pol, Env, 
Vpu, Vif, and Vpr from unspliced and partially spliced mRNAs. © 1991 Academic Press, inc. 



INTRODUCTION 

Human immunodeficiency virus type 1 (HIV-1) and 
lentiviruses in general display a complex genomic orga- 
nization. In contrast to most of the oncoviruses, the 
lentiviruses contain and express several short open 
reading frames (ORFs), some of which encode regula- 
tory proteins. To express these different proteins, HIV- 
1 generates three size classes of RNAs: 9-kb mRNAs 
coding for Gag and Gag-Pol, 4- to 5-kb mRNAs coding 
for Env, Vpu, and Tat-1 , and 2-kb mRNAs coding for 
Tat-2, Rev, and Nef (Tat-1 is an alternative functional 
form of the Tat protein containing 72 amino acids of the 
first tat exon, produced by intermediate-size mRNAs 
and found in infected cells (Felber ef a/., 1990; 
Schwartz ef al., 1 990b); Tat-2 is the complete Tat pro- 
tein of 86 amino acid produced by small multiply 
spliced mRNAs). All mRNAs are derived from the 9-kb 
precursor RNA. Three mechanisms are utilized by the 
virus to express its proteins: ribosomal frameshifting, 
alternative splicing, and the generation of bicistronic 
mRNAs. Gag-Pol is expressed from the 9-kb mRNA by 
ribosomal frameshifting (Varmus, 1 988). Env and Vpu 
are expressed from the same intermediate-size 

1 The U.S. Government's right to retain a nonexclusive royalty-free 
license in and to the copyright covering this paper, for governmental 
purposes, is acknowledged. 

2 To whom correspondence and reprint requests should be ad- 
dressed at National Cancer institute-Frederick Cancer, Research 
and Development Center, ABL-Basic Research Program, P.O. Box 
B, Building 539, Room 121, Frederick, MD 21702-1201. Fax: (301) 
846-5991. 



mRNAs by leaky scanning at the vpu AUG (Schwartz ef 
a/., 1990b). The regulatory proteins Tat-2 t Rev, and Nef 
are expressed from the first AUG of different small 
mRNAs generated by alternate splicing (Muesing ef al., 
1985; Arya ef a/., 1986; Guatelli ef a/., 1990; Robert- 
Guroff ef a/., 1990; Schwartz ef a/., 1990a,b). Some of 
these small mRNAs express more than one protein 
due to leaky scanning at the AUG of the first ORF (S. 
Schwartz, B. K. Felber, and G. N. Pavlakis, submitted 
for publication). In addition, some HIV-1 strains gener- 
ate other —2-kb mRNAs by splicing to a small exon in 
the env region of the virus (Benko ef a/., 1 990; Salfeld ef 
a/., 1990; Schwartz ef a/., 1990a). These mRNAs ex- 
press alternative forms of the Tat and Rev proteins, 
named Tev and 6D-Rev (Benko et al., 1 990). 

All of the above-mentioned mRNAs are subject to 
positive or negative regulation by the Rev protein. Rev 
binds to an RNA site (Daly ef al., 1 989; Zapp ef al, 
1989; Daefler ef al, 1990; Heaphyefa/., 1990) within 
the env region, named the Rev-responsive element 
(RRE) (Felber et al., 1989; Hadzopoulou-Cladarasefa/., 

1 989) . This element was also named CAR (Dayton ef 
al., 1988). Rev promotes the transport and efficient 
translation of partially spliced HIV mRNAs containing 
the RRE (Rosen ef al., 1988; Emerman et al., 1989; 
Felber ef al., 1989; Hadzopoulou-Cladarasefa/., 1989; 
HammarskjSld et al. t 1 989; Malim ef al., 1 989). In con- 
trast, Rev downregulates the levels of all multiply 
spliced mRN^ species missing RRE (Felber ef a/., 

1990) . 

Two additional proteins are produced by HIV-1: Vif 
(Kan etal., 1986; Leeefa/., 1986) and Vpr(Wong-Staal 
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et al, 1987; Matsuda et al, 1988). The mRNAs ex- 
pressing these proteins have not been previously iden- 
tified although different structures of these mRNAs 
have been proposed (Muesing etal, 1 985; Rabson et 
al., 1985; Arya et al., 1986; Arrigo et al., 1990; 
Schwartz et al. t 1 990a). Here we report the identifica- 
tion and regulation of expression of the mRNAs coding 
for Vif and Vpr. The predominant forms of these 
mRNAs were of the intermediate size class (4-5 kb) 
and their expression was Rev-dependent. Cloning and 
expression of the intermediate vpr cDNA in eukaryotic 
cells revealed that this mRNA produced high levels of 
Vpr. In contrast, a minor form of a multiply spliced vpr 
mRNA produced only low levels of Vpr. The results 
described here revealed that expression of the vif and 
vpr mRNAs is Rev-dependent and suggest that both Vif 
and Vpr are expressed at a late stage in the viral life 
cycle. 



MATERIALS AND METHODS 
Cells and transfections 

Transfections were performed using the HeLa de- 
rived cell lines HLtat (Schwartz et al, 1990a), HUB 
(Mermer etal., 1990), and HL3T1 (Wright etal., 1986; 
Felber etal., 1988). HLtat cells constitutively produce 
the functional Tat-1 protein. HLfB cells contain the rev 
minus mutant HIV-1 proviral clone, fB (Feinberg etal., 
1986; Sodroski etal, 1986a; Hadzopoulou-Cladaras 
etal., 1989), integrated into their genome. HL3T1 cells 
contain silent copies of the HIV-1 long terminal repeat 
(LTR) promoter linked to the chloramphenicol acetyl- 
transferase (CAT) gene. The various plasmids used for 
transfection were adjusted to 35 fig/m\ with pUCl9 
carrier DNA and were transfected by the calcium phos- 
phate coprecipitation technique (Graham etal., 1973) 
as described (Felber etal., 1985, 1990). 



cDNA cloning and recombinant plasmids 

Total RNA for reverse transcriptase-polymerase 
chain reaction (RT-PCR) analysis was prepared from 
HIV-1 HXB2 -infected cells by the guanidine isothiocyan- 
ate method (Chirgwin et al, 1 979). The RNA was sub- 
jected to reverse transcription and PCR amplification 
(Saiki etal, 1985, 1988) as described (Schwartz etal, 
1990a,b) using primers BSS, 71 OA, and 71 1 A. The ex- 
act locations and sequences of the primers are as fol- 
lows: 

BSS 5-GGCTTGCTGAAGCGCGCACGGCAAGAGG-3' 
(246-273) 

7 1 0A 5-CTGCTAGTGCCAAGTATTG-3' (5040-5022) 



7 1 1 A 5'-CTATTATCTTGTATTACTAC-3' (4539-4520) 

The numbering of the HIV-1 genome (clone HXB2) 
starts at the first nucleotide (nt) of the R-region of the 5' 
LTR in the corrected HXB2R sequence (Ratner et al, 
1985, 1987; Myers, 1990; Solomin et al, 1990). The 
amplification products were digested with BssHW and 
cloned as fissHII-to-blunt end fragments in a modified 
Bluescript KS" vector (Stratagene). Clones were 
screened by colony hybridization and restriction en- 
zyme analysis. Double-stranded DNA sequencing of 
miniplasmid DNA preparations from appropriate 
clones was performed using the Sequenase kit (United 
States Biochemicals) as described (Schwartz et al 
1990a,b). 

pNLL3A.7(vpr) was constructed by subcloning the 
Stu\-Sal\ fragment of pCV1 2 (Arya etal, 1 986) into the 
Sful- and Sa/l-digested tat cDNA pNL1. 3.4.7 
(Schwartz etal, 1 990a). pNL1 .3AE(vpr) was generated 
by replacing the sequences between the unique Sail 
and BamHl restriction sites in pNLl .3A.7(vpr) with the 
genomic Sal\\-Bam\-\\ fragment. These plasmids ex- 
pressed mRNAs that were identical to those produced 
by the intact provirus. pNL1 .3AEfB(vpr) was generated 
by digestion of pNLl .3AE(vpr) with BamHl, filling in of 
the 5' overhang, and religation. The following plasmids 
have been described previously: pNL1.5E(vpu/env) 
(Schwartz etal, 1990b), pNLL4.7(tat) (Schwartz et al, 
1990a), pNL1.4A.7(rev) (Schwartz et al, 1990a), 
pNL1.5.7(nef) (Schwartz et al., 1990a), HXB2 (Ratner 
etal, 1985, 1987), JY1 (Yourno etal, 1989), pNL43 
(Adachi etal, 1986), and fB (Feinberg etal, 1986; So- 
droski et al, 1986a; Hadzopoulou-Cladaras et al 
1989). 

RNA extractions and Northern blots 

Total RNA for Northern blot analysis was extracted 
one day post transfection by the heparin/DNase proce- 
dure (Krawczyk et al, 1 987). The blots were hybridized 
to nick-translated PCR amplified DNA fragments (Saiki 
et al, 1 985, 1 988). PCR was carried out for 20 cycles 
under standard conditions with 200 ng of pHXB2 as 
DNA template. The resulting products were gel-puri- 
fied on acrylamide gels. The probe hybridizing to the 3' 
end of all viral mRNAs spans nt 8304-9008. The vif/vpr 
probe spans nt 5095-53 1 5, and the vif probe spans nt 
4520-4904. The amount of radioactivity on the blots 
was quantitated using the AMBIS radioapalytic imag- 
ing system. 

Immunoprecipitations, p24 9ag antigen assays, and 
CAT assays > 

One day after transfection, HLtat oells (Schwartz et 
al, 1990a) were metabolically labeled with [ 35 S]me- 



REGULATION OF HIV-1 vif AND vpr mRNAs 



679 



thionine for 3 hr. The cells were lysed in 0.5X RIPA 
buffer and analyzed by immunoprecipitations on 
12.5% denaturing polyacrylamide gels as described 
(Felber et al., 1990). For p24 9a9 quantitations, cells 
were lysed in 100 rr\M Tris-HCI, pH 7.4, and 0.1% 
Triton X-100 and cleared by centrifugation (Solomin et 
al., 1990). The p24 9ag antigen capture assay (Dupont, 
NEN) was performed according to the manufacturer's 
recommendations. All Rev-expressing plasmids were 
serially diluted and transfected into HUB cells (Mermer 
et al., 1990) to determine the amount of plasmid that 
resulted in p24 gag response in the linear range. p24 9a9 
values were then normalized to the amount of plasmid 
used for transfection. CAT assays were performed as 
described (Gorman etal., 1 982) and the range of linear 
response of CAT to Tat protein was determined from 
serial dilutions of the tat cDNA pNL1 .4.7 (Schwartz et 
al., 1 990a) as described (S. Schwartz, B. K. Felber, and 
G. N. Pavlakis, submitted for publication). 

RESULTS 

The vif and the vpr mRNAs belong to the 
intermediate size class of HIV-1 mRNAs 

As shown in Fig. 1, the structure of the HIV-1 ge- 
nome is complex and contains several ORFs in addi- 
tion to gag, pol, and env. Although most of the mRNAs 
produced by HIV-1 have been characterized (Muesing 
et al., 1990a,b), the mRNAs expressing Vif and Vpr 
proteins have not been identified unambiguously and 
the regulation of expression of these mRNAs is not 
known. To investigate how Vif and Vpr are expressed 
by HIV-1, we analyzed the expression of vif and vpr 
mRNAs in HeLa cells transfected with three different 
infectious HIV-1 molecular clones, HXB2(Ratneref al., 
1985, 1987), JY1 (Yourno et al., 1989), and NL43 
(Adachi et al., 1986). RNA was prepared from the 
transfected cells and subjected to Northern blot analy- 
sis. The blots were hybridized either to a vif/vpr probe, 
which is complementary to the region between exons 
3 and 4 and contains both vif and vpr coding se- 
quences, or to a probe that hybridizes between exons 
2 and 3 and contains only vif coding sequences (Fig. 2). 
Figure 3A shows that in addition to the 9-kb unspliced 
HIV-1 mRNA, two intermediate-size mRNAs were de- 
tected by the vif/vpr probe. Other investigators have 
also detected additional intermediate sized mRNAs by 
Northern blot analysis (Rabson ef al., 1 985). The lower 
band was predicted to be the vpr mRNA and the upper 
band was predicted to be the vif mRNA. To confirm that 
the upper band represented the vif mRNA, the blots 
were rehybridized with the vif probe. The results 
showed that this probe hybridized only to the upper 
band, verifying that this was the vif mRNA (Fig. 3B). 
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Fig. 1 . (A) Genomic organization of HIV-1 . Open or shaded boxes 
represent ORFs. (B) Black bars indicate exons present in HIV-1 
mRNAs. They are named according to Muesing et af. (1985) and 
Schwartz et al. {1 990a,b). Nucleotide positions of splice donors and 
acceptors are indicated. Numbering starts at the first nucleotide of 
the R region of the 5' LTR. Exon 2A (in parentheses) (Arya et al, 
1 986) has not been detected in any mRNA by Northern blot analysis. 
(C) Structures of the two vpr mRNAs 1 .3AE and 1 .3A.7 and the vif 
mRNA 1 .2AE. These mRNAs are named for the exons they contain. 
Open boxes indicate ORFs. 



Both the vpr and the vif mRNAs were produced by all 
three viral clones HXB2, NL43, and JY1 (Figs. 3A and 
3B). The predicted structures of these mRNAs are 
shown in Fig. 1C. The lanes shown in Figs. 3A and 3B 
are overexposed to detect minor RNA species. 

In addition to the RNAs described above, the vif/vpr 
probe hybridized to a lower band migrating with the 
class of multiply spliced mRNAs (Fig. 3A). This mRNA 
was not detected by the vif-specific probe (Fig. 3B). 
This indicated the presence of low levels of a vpr-en- 
coding mRNA missing the env region. The structure of 
this mRNA is shown in Fig. 1C {1.3A : 7(vpr)}. The pre- 
dicted size of 1 .3A.7(vpr) is in agreement with the mi- 
gration of thejower band in Fig. 3A. Vif mRNAs belong- 
ing to the multiply spliced class of mRNAs could not be 
detected by Northern analysis (Fig. 3B). Previous clon- 
ing results have also suggested the presence of multi- 
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Fig. 2. Organization of the central portion of the HIV-1 genome. 
Open boxes indicate ORFs and black bars indicate exons. Nucleo- 
tide positions of the splice sites are indicated. Locations of the oligo- 
nucleotide primers 7 1 0A and 7 1 1 A are indicated by arrows, and the 
vif and vif/vpr probes are indicated as gray bars. 



ply spliced vif and vpr mRNA species (Arya eta/., 1 986; 
Schwartz etal., 1 990a). The results described here re- 
vealed that vif- and vpr-containing mRNAs were found 
primarily among the intermediate-size HIV-1 mRNAs. 

Expression of vif and vpr mRNAs is Rev-dependent 

To investigate whether the expression of vif and vpr 
mRNAs was dependent on Rev, we analyzed RNA from 
HeLa cells transfected with the rev minus mutant pro- 
viral clone fB (Feinberg et al., 1986; Sodroski et al. t 
1986a; Hadzopoulou-Cladaras et al., 1989) (Figs. 3A 
and 3B). The results revealed that only very low levels 



of the vif and the vpr mRNAs were found in cells trans- 
fected with fB, while high levels of these mRNAs were 
found in cells transfected with the wild-type viral clones 
(Figs. 3A and 3B). Hybridization of the blots to a 3' end 
probe that detects all mRNAs verified that fB ex- 
pressed high levels of the small multiply spliced 
mRNAs and low levels of the partially spliced and un- 
spliced mRNAs (Hadzopoulou-Cladaras etal., 1989) 
(data not shown). In addition, we analyzed RNA pro- 
duced by a HeLa-derived cell line constitutively ex- 
pressing the rev minus fB provirus (HUB cells; Mermer 
et al., 1 990). Vif and vpr mRNAs were present only in 
very low levels in HUB cells (Fig. 3C). Complementa- 
tion in trans by Rev resulted in higher levels of these 
mRNAs (Fig. 3C). These results further demonstrated 
that expression of vif and vpr mRNAs was Rev-depen- 
dent. 

Identification of splice sites of the vif and vpr mRNAs 

As shown in Figs. 1 and 2, the vpr ORF is directly 
preceded by the small noncoding exon 3, which is pres- 
ent in some of the mRNAs coding for Tat, Rev, and Nef 
(Muesing etal., 1985; Arya etal., 1986; Guatelli etal., 
1990; Robert-Guroff et al, 1990; Schwartz et al„ 
1 990a,b). We next investigated if the splice acceptor of 
exon 3 (nt 4936) was utilized to generate the vpr 
mRNAs as has been suggested previously (Arrigo et 
al., 1990; Schwartz et al,, 1990a). RNA from HIV-1-in- 
fected cells was analyzed for the presence of mRNAs 
that splice from exon 1 to the splice acceptor of exon 3 
without further splicing. Such mRNAs would have the 
vpr ORF as the first intact ORF. Partial cDNAs were 
synthesized from total RNA of HIV-1 -infected cells 
(clone HXB2; Ratnerefa/., 1985, 1987), and subjected 
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Fig. 3. (A) Northern blot analysis of RNA from HLtat cells transfected with the different molecular clones of HIV-1 indicated at the top The blot 
was hybridized to the vif/vpr probe, which contains nt 509 5-5315 (see Fig. 2) and detects both vif and vpr mRNAs. (B) Hybridization of the same 
RNA samples as in (A) to a vif specific probe containing nt 4520-4904 (Fig. 2). (C) Northern blot analysis of &NA from mock-transfected HLfB cells 

dm * . transfected with the rev expression plasmid pNL1 .4A.7. The blot was hybridized to the vif/vpr probe, which detects both vif and vpr 
mRNAs. Locations of the 28S and 18S rRNAs are indicated to the right, and locations of the vpr and vif mRNAs are indicated trfthe left The 
smaller vpr RNA is barely detectable in this exposure. 
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to PCR amplification using the primer pair BSS-710A 
(Fig. 2). Cloning and sequencing of the partial cDNAs 
confirmed the presence of mRNAs utilizing the splice 
acceptor, but not the splice donor, of exon 3. Such 
mRNAs could express Vpr protein. We did not find any 
alternative splice acceptors immediately upstream of 
the vpr ORF and therefore concluded that the splice 
acceptor of exon 3 is utilized to generate the vpr 
mRNAs. 

The predicted structure of the intermediate-size vpr 
mRNA is shown in Fig. 1 C. The exon that starts at the 
splice acceptor of exon 3 and continues to the poly(A) 
site at the 3' end of the genome was named 3AE. The 
mRNA containing this exon was named 1.3AE(vpr) 
after the exons it contained. Its predicted size of 4.4 kb 
was consistent with the size of the vpr mRNA detected 
by Northern blot analysis (Fig. 3A). Because the com- 
mon splice donor at nt 5591 , downstream of the vpr 
ORF, could splice to exon 7 (nt 7925), which is the last 
exon of the genome (Fig, 1), a second vpr mRNA was 
predicted. This mRNA would belong to the class of the 
small multiply spliced HIV-1 mRNAs and would not 
contain the RRE (Dayton et aL, 1988; Rosen et aL, 
1988; Emerman ef aL, 1989; Felberef a/., 1989; Had- 
zopoulou-Cladaras et at., 1989; HammarskjOld et aL, 
1989; Malim ef aL, 1989). The exon that starts at the 
splice acceptor of exon 3 and continues unspliced up 
to the splice donor at nt 5591 was named 3A, and the 
mRNA containing this exon was named 1 .3A.7(vpr) 
(Fig. 1). This mRNA has a predicted size of 2.1 kb, 
which is in agreement with the size of the small RNA 
detected by the vpr probe (Fig. 3A). Both mRNAs 
1 .3A.7 and 1 .3AE contain the splice donor of exon 3 
and the splice acceptors of exons 4, 4A, 4B, and 5 and 
could therefore be further spliced (Figs. 1 and 2). Only 
mRNA 1 .3AE contain the RRE and could therefore be 
regulated by the viral Revtransactivator. mRNA 1 .3A.7 
cannot be affected by Rev and remains vulnerable to 
further splicing. This would explain the low levels of 
mRNA 1 .3A.7 produced by the virus (Fig. 3A). 

The location of the vif ORF downstream of the non- 
coding exon 2 suggested a similar structure of the vif 
mRNA (Arrigo etaL, 1990; Schwartz etaL, 1990a). This 
predicted that the splice acceptor of exon 2 is utilized 
to generate an exon named 2AE (Fig. 1), which would 
be present in the intermediate-size 4.4-kb vif mRNA 
detected in transfected cells (Fig. 3B). PCR analysis of 
HIV-1 mRNAs using the primer pair BSS-71 1 A (Fig. 2) 
as well as other primers, revealed that the exon 2 
splice acceptor was the only recognized splice site in 
the vicinity of the vif ORF (data not shown). These re- 
sults, in combination with the observed size of the 
mRNA hybridizing to the specific vif probe (Fig. 3B), 
revealed the structure of the vif mRNA (Fig. 1C). We 
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Fig. 4. Expression of cDNA pNL1.3AE(vpr) or pNL1.3A.7(vpr) in 
HLtat cells. (A) The structures of mRNAs 1.3AE and 1.3A.7 are 
shown. (B) Immunoprecipitation of Vpr, Tat, and Vpu from HLtat cells 
transfected with pNL1.3AE. (C) Immunoprecipitations of Vpr, Tat, 
Rev, and Nef from cells transfected with pNL1.3A.7. Tat-1 is the 
truncated one-exon Tat protein produced by the HLtat cells and from 
pNL1 .3AE; Tat-2 is the two-exon Tat protein produced from the multi- 
ply spliced tat mRNA. M, molecular weight markers; P, preimmune 
serum; R, anti-Vpr antiserum; T, anti-Tat antiserum; U, anti-Vpu anti- 
serum; Re, anti-Rev antiserum; N, anti-Nef antiserum. 



concluded that the vpr mRNAs utilize the splice accep- 
tor of exon 3 and that the vif mRNAs utilize the splice 
acceptor of exon 2. 

Expression of vpr cDNAs in eukaryotic cells 

To further analyze regulation of Vpr expression, we 
investigated whether both the small vpr mRNA 1 .3A.7 
and the intermediate-size vpr mRNA 1 .3AE were able 
to produce Vpr. Eukaryotic expression plasmids pro- 
ducing these mRNAs were generated by replacing the 
missing sequences 3' of primer 71 OA and 5' of primer 
BSS in the partial cDNAs. This resulted in plasmids 
pNL1 .3A.7 and pNL1 .3AE (Fig. 1 ). Expression of 1 .3AE 
in HLtat cells (Schwartz et aL, 1390a) revealed that 
high level^of Vpr were expressed from this mRNA (Fig. 
4B). In contrast, pNL1 .3A.7 produced very low levels of 
Vpr compared to mRNA 1 .3A6<Fig. 4C). This indicated 
that the major Vpr-producing HIV-1 mRNA was 1.3AE. 
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Fig. 5. (A) Structure and coding potential of the mRNAs generated by pNL1 .3A.7(vpr). The mRNAs are named to indicate the exons they 
contain. The ORFs present on the mRNAs are indicated by boxes. (B) Northern blot analysis of RNAfrom HLtat cells transfected with the various 
cDNAs shown at the top. Hybridization to a probe complementary to the 3' end of all the mRNAs (nt 8304-9008) detects all mRNAs produced by 
HIV-1. The positions of some of the RN As produced by the cDNAs are shown to the left, and the positions of the 28 S and 1 8 S rRNAs are shown 
to the right (C) Hybridization of the same RNA samples as in (B) to the vif/vpr probe (see Fig. 2). 



The inability of pNL1 .3A.7 to express Vpr efficiently 
suggested that this mRNA underwent further splicing, 
which deleted the vpr ORF. In contrast to mRNA 
1.3AE, mRNA .1.3 A. 7 does not contain the RRE and 
therefore is not subject to regulation by Rev. The pre- 
dicted splice products of mRNA 1.3A.7 are shown in 
Fig. 5A. It has previously been shown that mRNA 
1.3.4.7 produces Tat, mRNAs 1.3.4A.7 and 1.3.4B.7 
produce Rev and Nef, and mRNA 1.3.5.7 produces 
only Nef (Schwartz et at., 1 990a). To verify that 1 .3A.7 
splices, we analyzed the RNAs expressed from 
pNL1 .3A.7, pNLl .3AE. and other cDNA constructs by 
Northern blot hybridization, using either a probe that 
detects the 3' end of all differently spliced HIV-1 
mRNAs or the vif/vpr probe described in Fig. 2. Figure 
5B shows that pNL1.3A.7 produced two RNAs de- 
tected by the probe hybridizing to the 3' end of the 
mRNAs. The upper band corresponded in size to the 
unspliced 1.3A.7 mRNA, and the lower band corre- 
sponded to the tat, rev, and nef mRNAs. Hybridization 
of the blot to the vif/vpr specific probe revealed that 
only the upper band was detected by this probe (Fig. 
5C). The vif/vpr probe did not hybridize to the env 
mRNA 1 .5E (Schwartz et al., 1 990b), nor did it hybridize 
to the multiply spliced Nef mRNA 1.5.7 (Schwartz etaL, 
1990a), demonstrating that this probe is specific for 
vpr-containing mRNAs (Fig. 5C). These results verified 



the identity of the small band as vpr mRNA 1.3A.7. 
Quantitation of Northern blots revealed that one third 
of the total RNA produced from pNL1.3A.7 remained 
unspliced. In addition, RT-PCR analysis after expres- 
sion of 1.3A.7 confirmed the occurrence of further 
splicing, especially to the nef splice acceptor at posi- 
tion 5523 (data not shown). These results showed that 
mRNA 1.3A.7 is not terminally spliced and is rapidly 
spliced into the smaller tat t rev, and nef mRNAs. 

Analysis of RNA expression from pNL1 .3AE revealed 
high levels of an intermediate-size mRNA detected 
both by the 3' end probe (Fig. 5B) and by the vif/vpr- 
specific probe (Fig. 5C). This band comigrated with the 
intermediate-size vpr mRNAs detected in the cells 
transfected with the proviral clones (Fig. 3A). 
PNL1.3AE also produced the small multiply spliced 
mRNAs identified as tat, rev, and nef mRNAs, since 
they hybridized to the 3'-end probe but not to the vpr 
probe. Interestingly, only a small fraction of the spliced 
mRNAs generated by pNLl .3AE migrated as mRNA 
1.3A.7 (Fig. 5C), further demonstrating that 1/3A.7 is 
rapidly spliced to produce tat, rev, and nef mRNAs. 

We next investigated whether Vpr expression from 
mRNA 1.3AE was Rey-dependent. Two Rev-express- 
ing mRNAs, 1.3.4A.7 and 1.3.4B.7, could be gener- 
ated by splicing of 1 .3AE. Inactivation of the rev ORF by 
a frameshift mutation in pNL1.3AE should therefore 



REGULATION OF HIV-1 vif AND vpr mRNAs 



683 



result in the toss of Vpr expression from this plasmid. 
The resulting plasmid, pNL1.3AEfB f expressed only 
very low levels of Vpr (data not shown) as expected, 
verifying that expression of Vpr from mRNA 1 .3AE re- 
quires the presence of Rev protein in trans and the RRE 
in cis. We concluded that Vpr is expressed primarily 
from the intermediate-size mRNA and that Vpr expres- 
sion is regulated by Rev. 

Vpr mRNAs are further spliced to tat, rev, and nef 
mRNAs in the absence of Rev 

To verify that the mRNAs expressing tat, rev, and nef 
were generated from the vpr mRNA 1 .3A.7, HLtat cells 
were transfected with pNL1 .3A.7 and metabolically la- 
beled with [ 35 S]methionine. Expression of Tat, Rev, and 
Nef was determined by immunoprecipitations. As 
shown in Fig. 4, low levels of Tat and high levels of Nef 
were detected, indicating that nef mRNA 1 .3.5.7 repre- 
sented the major splice product. Rev could not be de- 
tected by immunoprecipitation (see below). 

Interestingly, immunoprecipitation of Tat-1 , Vpu (Fig. 
4), and Env (data not shown) from cells transfected 
with pNL1.3AE(vpr) revealed that high levels of these 
proteins were produced, indicating that this mRNA 
was also further spliced to generate other interme- 
diate-size mRNAs. These results suggested that splic- 
ing from the splice donor of exon 3 (nt 5009) preceded 
splicing from the splice donor at nt 5591 . 

To examine the possibility that pNL1 .3A.7(vpr) might 
produce low levels of Rev protein that were below the 
sensitivity of the immunoprecipitation technique, a 
more sensitive Rev-dependent complementation as- 
say was used to measure low levels of Rev production 
(Mermer ef a/., 1990) (S. Schwartz, B. K. Felber, and 
G. N. Pavlakis, submitted for publication). A HeLa-der- 
ived cell line (HUB) containing stably integrated copies 
of the rev minus mutant HIV-1 provirus fB was trans- 
fected with pNL1 .3A.7(vpr) or the rev cDNA pNL1 .4A.7 
(Schwartz et al., 1990a) and p24 gag production was 
quantitated by the p24 ga9 antigen capture assay. As 
discussed in detail elsewhere, complementation in 
trans by Rev results in production of p24 9a9 by this cell 
line in a dose-dependent manner (S. Schwartz, B. K. 
Felber, and G. N. Pavlakis, submitted for publication). 
Table 1 shows that pNL1 .3A.7(vpr) produced about 
2% of the amount of Rev expressed by the rev cDNA 
1 .4A.7, thus confirming the production of Rev protein. 

To estimate the efficiency of splicing of exon 3 to 
exon 4, which generates the tat mRNA 1.3.4.7 
(Schwartz etal., 1 990a), we quantitated Tat production 
from pNL1 .3A.7(vpr) using a sensitive functional assay 
for Tat. pNL1.3A.7 was transfected into HL3T1 cells 
(Wright etal., 1 986; Felber ef al., 1 988), a HeLa derived 



TABLE 1 



Levels of Tat and Rev Proteins Produced by Different Plasmids 
Measured by Functional Assays (CAT and p24 fla0 , Respectively) 



Plasmid 


p24 9aa ° 


CAT 6 


pNL1.3A.7{vpr). 


2% 


10% 


PNL1.4A.7 (rev) 


100% 


0% 


pNL1.4.7 (tat) 


0.2% 


100% 


pUC19 


0% 


0% 



° P24 9 * 9 was measured after transfection of HLfB cells, which con- 
tain the rev minus mutant HIV-1 proviral clone (fB) stably integrated 
into the genome. p24 0afl response is expressed as a percentage of 
the response obtained after transfection with the rev cDNA 
pNL1 .4A.7 (Schwartz ef a/., 1 990a). 

b CAT activity was measured after transfection of HL3T1 cells, 
which contain silent copies of the HIV-1 LTR promoter linked to the 
CAT gene. The CAT value is expressed as a percentage of the re- 
sponse obtained after transfection with the tat cDNA pNL1.4.7 
(Schwartz et al., 1990a). 



cell line containing silent copies of the HIV-1 LTR pro-, 
moter linked to the CAT gene. As a result of Tat ex- 
pression, CAT is produced in a linear, dose-dependent 
manner (S. Schwartz, B. K. Felber, and G. N. Pavlakis, 
submitted for publication). Tat production from 
pNL1 .3A.7(vpr) was determined and compared to Tat 
expression from the tat cDNA pNL1.4.7 (Schwartz et 
al., 1990a). The results revealed that pNL1.3A.7 pro- 
duced 1 0% of the amount of Tat expressed by the tat 
cDNA (Table 1). These results demonstrated that 
splicing from the splice donor of exon 3 occurred, 
which generated tat, rev, and nef mRNAs. Splicing oc- 
curred primarily to exon 5 and to a lesser extent to 
exons 4, 4A f and 4B. 

DISCUSSION 

In this work we have shown that the splice acceptor 
of exon 2 at position 4459 is used for the generation of 
vif mRNA. Similarly, the splice acceptor of exon 3 at 
position 4936 is used for the generation of vpr mRNA. 
No other splice sites were detected by RT-PCR analy- 
sis. HIV-1 expresses at least six regulatory and acces- 
sory proteins. Upstream of each ORF encoding vif, vpr, 
tat, rev, vpu, and nef is a splice acceptor that generates 
at least one mRNA for each ORF. In contrast to the tat, 
rev, and nef ORFs, the vif and vpr ORFs are preceded 
by splice donors of exons 2 and 3, respectively. There- 
fore, further splicing involving the splice donor of exon 
2 or exon 3 joins these small, noncoding exons to 
downstream exons such as exons 4, 4A, 4B, and 5, 
resulting in tat, rev, and nef or vpu/env mRNAs. This 
explains the presence of three variants of the tat, rev, 
nef, and vpu/env mRNAs, (containing exon 2 or exon 3 
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or neither of these exons) found in infected cells 
(Muesing etal., 1985; Arya etal., 1986; Guatelli et al, 
1990; Robert-Guroff et al., 1990; Schwartz et al, 
1990a,b). As a result, mRNAs that are spliced to exon 
2 or 3 may or may not generate vif or vpr mRNAs, de- 
pending on the presence of Rev protein. This arrange- 
ment of the HIV- 1 genome allows the presence of addi- 
tional functional splice sites and ORFs without inhibit- 
ing expression of downstream ORFs. The data 
described here established that the splice donors of 
exons 2 and 3 have an important regulatory function, 
since their utilization leads to further splicing of vif and 
vpr mRNAs and the generation of tat, rev, and nef 
mRNAs in the absence of Rev protein. 

The vpr mRNA is of the intermediate size class and 
its expression depends on Rev protein (see Fig. 3), 
therefore expression of Vif is regulated similarly to that 
of Vpr. In contrast to the vpr mRNA 1.3A.7, the pre- 
dicted multiply spliced vif mRNA 1.2A.7 could not be 
detected by Northern blot analysis, indicating that it is 
efficiently spliced. This apparent difference in splicing 
efficiency may be explained by the presence of addi- 
tional splice sites in the vif mRNA. It may therefore be 
present in low levels which are undetectable by North- 
ern blot analysis. Detection of low levels of the multiply 
spliced vpr mRNA 1 .3A.7 is most likely due to the fact 
that retroviral splice sites are less efficient than their 
cellular counterparts. As a result, a measurable frac- 
tion of the 1.3A.7 mRNA remains unspiiced. It has 
been shown that efficiently spliced cellular mRNAs, 
such as the 0-globin mRNA, are not regulated by HIV-1 
Rev and RRE, suggesting that ' , slow' , splicing is a pre- 
requisite for Rev regulation (Chang et al., 1989). Al- 
though most of the 1 .3A.7 transcript is further spliced, 
the remaining unspiiced mRNA produces small but de- 
tectable amounts of Vpr protein. Therefore, this mRNA 
may not contain the same set of inhibitory sequences 
found in gag and env mRNAs. Further detailed analysis 
of inhibitory sequences within the gag mRNA supports 
this interpretation (S. Schwartz, B. K. Felber, and G. N. 
Pavlakis, submitted for publication). 

Our data show that the mRNAs expressing Vif and 
Vpr belong primarily to the intermediate size class of 
HIV-1 mRNAs. Expression of these mRNAs was Rev- 
dependent, indicating that vif and vpr are expressed 
late in the viral life cycle, together with gag, pol, env, 
and vpu. This is consistent with the function of the Vif 
protein, which appears to be required for full infectivity 
of the viral particles (Sodroski etal., 1986b; Fisher et 
al., 1 987). Vpr is associated with viral particles (Cohen 
etal., 1990a; Yuan etal., 1990) and may be a structural 
component of the virion. Vpr minus mutant molecular 
clones of HIV-1 replicate more slowly than the wild- 
type virus (Dedera et al., 1989; Ogawa ef a/., 1989; 



Cohen ef al., 1990b), and it has been suggested that 
Vpr may be a regulatory protein, since it activates ex- 
pression from various viral promoters (two- to threefold 
(Cohen etal., 1 990b)). Since Vpr is present in the virion, 
it has been argued that this protein may act early after 
infection. 

Interestingly, other Antiviruses such as simian immu- 
nodeficiency virus (SIV), caprine arthritis-encephalitis 
virus (CAEV) f feline immunodeficiency virus (FIV), and 
visna produce mRNAs containing small noncoding 
exons within the pol region of the virus. These mRNAs 
are similar in structure to the tat, rev, and nef mRNAs of 
HIV-1 , containing the noncoding exons 2 or 3. The SIV 
genome contains two noncoding exons upstream of vif 
and vpx (Colombini etal, 1989; Viglianti etal., 1990). 
Visna (Mazarin et al., 1988; Davis etal., 1989), CAEV 
(Saltarelli et al, 1990), and FIV (Phillips ef al, 1990) 
genomes also contain a small noncoding exon posi- 
tioned upstream of an ORF, which has been named Q 
in the case of visna virus (Sonigo ef al, 1 985). This 
suggests that expression of the Q ORF may be sub- 
jected to a similar regulation as the HIV-1 vif and vpr 
ORFs. The more distantly related spuma retroviruses 
also express multiply spliced mRNAs, some of which 
appear to contain small noncoding exons (Muranyi ef 
al, 1991). It remains to be investigated whether ex- 
pression of this virus is regulated by similar mecha- 
nisms as HIV-1 and many other lentiviruses. 

The results presented in this report complete the 
identification, characterization, and study of regulation 
of mRNAs producing all HIV-1 proteins (Benko et al, 
1990; Felber ef al, 1990; Schwartz ef al, 1990a,b); (S. 
Schwartz, B. K. Felber, and G. N. Pavlakis, submitted 
for publication). These data are valuable for under- 
standing the regulation of HIV-1 expression and for 
studying the expression of individual viral proteins in 
infected cells. These findings further demonstrate the 
complexity of the regulation of lentiviral gene expres- 
sion. Since HIV-1 is the prototype lentivirus, these re- 
sults may help the elucidation of mechanisms of lenti- 
viral expression and regulation. 
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also presented evidence supporting that vif and vpr expression is 
Rev-dependent. 
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To define the role of human immunodeficiency virus type 1 splice' sites in the cytoplasmic accumulation of viral RNAs, 
sequential deletion mutagenesis on an infectious proviral clone of HIV-1 was performed. Deletion of the majority of intron 
sequences, containing previously identified CRS, did not attenuate CRS activity. Retention of either the first or second tat 
intron preserved CRS activity. RNAs containing splice donor sequences, in the absence of known downstream splice 
acceptor sequences, retained CRS activity. Unexpectedly, these splice donors were still utilized for splicing. These results 
indicate that the major HIV-1 splice donors can function as CRS and function to negatively regulate the cytoplasmic 

accumulation Of HIV-1 RNAs in COS Cells. O 1997 Academic Press 



INTRODUCTION 

The expression of HIV-1 structural proteins is regu- 
lated atthe level of splicing, transport, stability, and trans- 
lation by the Rev protein (Feinberg etai, 1986; Sodroski 
etal., 1986; Malim et a/., 1988; Felberefa/., 1989; Hadzo- 
poulou etal., 1989; Hammarskjold etal., 1989; Arrigo and 
Chen, 1991; Cochrane etal., 1991; Lawrence etal., 1991; 
D'Agostino ef ai, 1992; Schwartz et ai, 1992). The Rev 
protein binds to an RNA binding site termed the Rev- 
responsive element (RRE) present within the RNAs that 
it regulates (Rosen etal., 1988; Had^opoulou etal., 1989; 
Malim etal., 1989). This regulation may involve alteration 
of the cellular pathway of the RNA (Fischer et ai, 1995). 
The Rev-dependent RNAs require Rev for protein expres- 
sion and therefore must contain negative sequences, the 
effect of which is overcome by the Rev protein (for review 
see Dayton, 1996). The Rev-independent tat, rev, and 
nef genes presumably do not contain these sequences. 
These negative sequences have been termed c/s-acting 
repressor sequences (CRS) and have been characterized 
in a variety of experimental systems. Splice sites have 
been implicated in Rev regulation by several groups. In- 
troduction of sequences containing the HIV-1 tat 3' splice 
donor or splice acceptor sequences (i.e., those splice 
sites that join the Tat coding exons) into a construct 
containing a /?-globin intron conferred Rev-respon- 
siveness to the construct (Chang and Sharp, 1989). Rev- 
responsiveness could also be conferred by mutation of 

1 To whom correspondence and reprint requests should be ad- 
dressed at Department of Microbiology and Immunology, Medical Uni- 
versity of South Carolina, Basic Science Building, Room 201. 1 71 Ashley 
Ave., Charleston, SC 29425-2230. Fax: (803) 792-2464. E mail: arrigosj® 
musc.edu. 



the /3-globin splice site consensus sequence within this 
construct. The CRS potential of splice donor sequences 
has been demonstrated by the Rev-responsiveness of 
papillomavirus constructs containing a splice donor in 
the 3' untranslated region (Barksdale and Baker, 1995). 
The major 5' splice donor of equine infectious anemia 
virus functions as a CRS within EIAV Gag-producing con- 
structs, although it functions in a location-dependent 
manner (Tan et ai, 1996). Within HIV-1 Env-expressing 
constructs, splice sites and U1 interaction have been 
shown to be important for the regulation of Env expres- 
sion by Rev (Lu etai, 1990). Furthermore, the expression 
of Env could be made Rev-independent by placing a 
complete intron upstream of env and removing known 
splice donor sequences (Hammarskjold et ai, 1994). 

Other sequences within HIV-1, distinct from splice 
sites, have also been shown to exhibit CRS activity. The 
fusion of various fragments of the gag, pol, and env genes 
to a CAT reporter construct resulted in Rev-respon- 
siveness (Rosen etai, 1988; Cochrane etai, 1991). The 
CRS within pol elicited an orientation-dependent 30-fold 
negative effect on CAT activity that could be rescued 
by Rev and the RRE. This CRS is located within HIV-1 
sequences that are not known to contain any splice sites. 
The effect appeared to be at the mRNA utilization level 
in that the subcellular distribution of RNA was not sub- 
stantially affected. Fusion of regions of both gag and pol 
to reporter constructs also demonstrated at least two 
orientation-dependent CRS which functioned posttran- 
scriptionally (Maldarelli etai, 1991). These sequences do 
. not contain k&iown splice sites and were not substantially 
affected by the addition of splice sites to the constructs. 
Fusions of gag to a faf-expression vector were used to 
analyze CRS activity within gag (Schwartz et ai, 1992). 
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A less than 300-base pair fragment of gag was capable 
of exerting an effect on the total RNA production, which 
was attributed to differences in RNA stability. Mutational 
inactivation of this CRS required 28-point mutations, 
demonstrating the complex nature of this CRS (Schwartz 
et ai, 1992). In the absence of known splice sites, env 
expression was shown to be Rev-dependent in mamma- 
lian cells using Env expression vectors (Nasioulas etai, 
1994). Localization of CRS within env identified many 
regions capable of exerting modest negative activity 
which together exerted more dramatic activity. Deletion 
of the RRE led to Rev-independent expression of Env 
from subgenomic env constructs, indicating that a CRS 
may overlap RRE sequences (Brighty and Rosenberg, 
1994; Churchill etai, 1996). The complexity of the interac- 
tion between the gag CRS and splicing was recently 
demonstrated (Mikaelian et a/., 1996). The gag CRS in 
conjunction with the RRE was capable of conferring Rev- 
responsiveness on a /?-globin construct. Mutations in 
splice sites rendered these constructs Rev-independent. 
Therefore, it appears that CRS may function at a variety 
of levels to decrease the expression of RNAs containing 
these elements. 

In this study, we have investigated the involvement of 
HIV-1 splice sites in Rev regulation through sequential 
mutagenesis of an infectious proviral clone. To attempt 
to avoid the complexities of analyzing multiple types of 
CRS, we initially deleted the majority of intronic se- 
quences, retaining the splice sites necessary for the pro- 
duction of the multiply spliced RNAs. Using these con- 
structs, we have analyzed the ratio of cytoplasmic to 
nuclear HIV-1 RNAs in the presence or absence of Rev 
or the RRE as an indicator of CRS activity. 

MATERIALS AND METHODS 

Plasmid constructions 

The Bl construct was constructed from pYKJRCSF/ 
EBV- (Arrigo and Chen, 1991), using DR mutagenesis 
(Gatlin et ai, 1995). gag, pol, vif, and part of vpr were 
deleted (nt 790-5710), leaving the major splice donor and 
Gag methionine intact, env and vpu were removed by 
deleting from just downstream of the 3' splice donor for 
tat, rev, and net to just upstream of the most 3' splice 
acceptor (nt 6145-8307). The Bl construct retains the 
.splice sites for the generation of tat and is deleted for the 
majority of tat intronic sequences. Further details on the 
generation of the Bl construct are available from the au- 
thors. The BIR construct was generated by insertion of an 
RRE-containing Sa/\ fragment into the Xho\ site within the 
nef sequences of the Bl construct (Campbell et ai, 1996). 
Fl and FIR constructs were generated using DR mutagene- 
sis. The second tat/rev intron was precisely deleted from 
the Bl and BIR constructs using the following oligonucleo- 
tide primers: 5'-TGCTTTGGTAGAGAAACTTGATGAGTC- 
TGAC-3' and 5'-ACCCTCCTCCCAGCAACGAG-3'. This 



deletion creates an in-frame fusion of the two tat coding 
exons. SI and SIR constructs were generated using DR 
mutagenesis. The first tat intron was precisely deleted 
from Bl and BIR constructs using the following oligonucle- 
otide primers: 5'-CAGTCGCCGCCCCTCGCCTC-3' and 5'- 
AATTG G GTGTCG ACATAG CAG AATAG G C-3'. 

The SD2R construct was generated by restriction di- 
gestion of the SIR construct with BamH\ and religation. 
The SD1 construct was generated using PGR and con- 
tains sequences from nt 1 53-793, and nt 9036-9736 from 
pYKJRCSF, including the sequences encompassing the 
major 5' HIV-1 splice donor. These sequences were 
cloned into pGem2 (Promega). Further details on the gen- 
eration of the SD1 construct are available from the au- 
thors. The SD1R construct was generated by insertion of 
the RRE-containing Spe\ fragment (Campbell etai, 1996) 
into the SD1 construct The Nl construct was generated 
by the cloning of a PCR fragment into the SD1 construct 
A 160-bp fragment was amplified using the Bl construct 
as a template and the oligonucleotide primers: 5'-ACA- 
ACCATGGAGGCTAGCTAGGGAACCCACTG-3' and 5'- 
AACAG AATTCTCG CTTTCC G GTCCCTGTTC-3 ' . PCR con- 
ditions were as previously described (Arrigo 'et ai, 1992). 
The PCR product and the SD1 construct were digested 
with Nco\ and EcoR\. The PCR product was inserted into 
the SD1 construct to generate Nl using standard molecu- 
lar techniques. The Nl construct contains a deletion of 
almost all sequences between the splice donor and the 
polyadenylation signal, retaining 78 base pairs between 
these two elements. ANI was generated from the Nl con- 
struct using DR mutagenesis and the following oligonu- 
cleotide primers: 5'-AGAACCGCGGACGCCGAAATTTTG- 
ACTAGCGGAGGC-3' and ASD1A, 5'-ACTACCGCGGGT- 
CGCCGCCCCTCGCCTC7TGC-3'. This results in the 
deletion of the consensus splice donor site, TGGTGAGT, 
from the Nl construct and the insertion of the sequence 
CCGCG.G. 

Cell, culture and transfection 

COS cells were maintained in Iscove's medium supple- 
mented with 10% fetal calf serum. Transfections were 
performed as described previously (Arrigo etai, 1989). 
A total of 50 fig of plasmid DNA was electroporated for 
each sample. Cotransfections were performed with the 
indicated construct with or without the addition of pSVtat 
and/or pCMV Rev (Lewis et ai, 1990). A filler construct 
(pcDNA3, Invitrogen) was used to normalize the total 
amount of DNA to 50 fig. A confluent Tl75-cm 2 flask of 
cells was used for approximately six transfections. RNA 
was harvested approximately 40 hr postelectroporation. 

RNA fractionation and analysis 

Cells were fractionated as previously described (Favaro 
and Arrigo, 1997). isolation of RNA and RT-PCR was per- 
formed as previously described (Arrigo et at., 1989, 1990; 
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Arrigo and Chen, 1991). RT-PCR was performed for 20 
cycles of amplification for all RNAs except that of the total 
RNA produced by Nl and ANI, which was amplified for 
15 cycles. Most of the oligonucleotide primers used for 
detection have been previously described (Arrigo et ai, 
1989, 1990; Arrigo and Chen, 1991). The. unspliced RNAs 
produced by the BI/BIR, Ft/FIR, SD1/SD1R, and NI/ANI 
constructs were detected with the LA8/Gag-Nco oligonu- 
cleotide primers. The unspliced RNAs produced by the SI/ 
SIR and SD2/SD2R constructs were detected with the 
LA45/AA821 oligonucleotide primers. The spliced RNAs 
produced by the BI/BIR and SI/SIR constructs were de- 
tected with the LA45/LA41 oligonucleotide primers. The 
spliced RNAs produced by the FI/FIR constructs were de- 
tected with the LA8/LA23 oligonucleotide primers. Oligonu- 
cleotide primers LA23 (5'-GCCTATTCTGCTATGTCGACA- 
CCC-3'; nt581 5-5792) and Gag-Nco (5'-CGCACCCAT- 
GG CTCTCCTTCTAG-3 ' ; nt797-775) are antisense primers 
homologous to sequences downstream of the most 5' tat 
splice acceptor and major 5' splice donor, respectively. 
Total RNA produced by the SD1R, SD2R, and NI/ANI con- 
structs was detected with an oligonucleotide pair located 
upstream of the major 5' splice donon LDR1 (5'-GAACAG- 
GGACCGGAAAGCG-3'; nt644-662) and a-LDR1 (5'-GCG- 
CGCTTCAGCAAGCCGAG-3'; nt7 16-697). 

Quantitation of the ratio of cytoplasmic to nuclear RNA 
was performed by scanning autoradiographs with a La- 
cie DTP Silverscan III scanner. Individual bands were 
quantitated with NIH Image 1.59. Analysis was performed 
on a Macintosh 7100/80 computer using the public do- 
main NIH Image program (developed at the U.S. National 
Institutes of Health and available from the Internet by 
anonymous FTP from zippy.nimh.nih.gov or on floppy disk 
from the National Technical Information Service, Spring- 
field, VA, Part No. PB95-500195GEI). The cytoplasmic 
fractions (Cyto 1 and Cyto 2) were added together and 
compared to the nuclear fraction to determine the ratio 
of cytoplasmic to nuclear RNA. The level of nuclear RNA 
was arbitrarily set to a level of 1. 

RESULTS 

Deletion of the majority of intronic sequences from 
HIV-1 does not eliminate CRS activity 

* CRS activity has been attributed to intronic sequences 
within gag, poi, and env. Starting with an infectious clone 
of HIV-1, the majority of intronic sequences were deleted. 
These deletions remove most of the sequences known 
to contain CRS activity. The resultant construct, Bl, retains 
minimal amounts of both HIV-1 tat introns (Fig. 1). The Bl 
construct retains 145 nucleotides of 5' and 150 nucleo- 
tides of 3' intronic sequences. The RNA produced by the 
Bl construct should retain the ability to splice both of 
these minimal introns and should produce all three 
classes of HIV-1 RNA (unspliced, partially spliced, and 
fully spliced). In addition, this construct should be capable 



of producing the Tat and Rev regulatory proteins. This 
construct did not contain the RRE, which has been shown 
to exhibit CRS activity in some experimental systems 
(Brighty and Rosenberg, 1994; Churchill et ai, 1996) The 
RRE was inserted into the nef gene of this construct to 
generate the construct BIR (Fig. 1). The presence of the 
RRE at this site has been previously shown to function 
in a similar manner to the normal location of the RRE 
(Campbell etal., 1996). Since the BIR construct both pro- 
duces Rev and contains the RRE, comparison of the distri- 
butions of RNAs produced by this construct with the distri- 
butions of RNAs produced by the Bl construct should 
provide a good indication of the presence of CRS activity 
in the Bl construct. The Bl and BIR constructs were ana- 
lyzed by transient transfection into COS cells. The cells 
were separated into three subcellular fractions (Favaro 
and Arrigo, 1997). RNA was isolated and analyzed using 
a quantitative RT-PCR procedure (Arrigo etaL, 1989). The 
results are shown in Fig. 2. The autoradiographs were 
quantitated to determine the ratio of cytoplasmic to nu- 
clear RNA (C:N). A ratio of 1:1 indicates that 50% of the 
RNA was found in the cytoplasmic fractions and 50% was 
found in the nuclear fraction. In the absence of the RRE, 
the unspliced RNA produced by the Bl construct had a 
predominantly nuclear distribution, as evidenced by a C:N 
ratio of 0.2:1. In the presence of the RRE, the unspliced 
RNA produced by the BIR construct had a predominantly 
cytoplasmic distribution, as evidenced by a C=N ratio of 
4.5:1. The fully spliced RNA accumulated predominantly 
in the cytoplasm, regardless of the presence or absence 
of the RRE. The ratios of cytoplasmic to nuclear spliced 
RNA produced by the Bl and BIR constructs were 20:1 
and 16:1, respectively. The difference in the C:N ratio of 
unspliced RNA produced by the Bl and BIR constructs 
indicated that the unspliced RNA produced by the Bl con- 
struct retained substantial levels of CRS activity. 

Presence of a minimal intron maintains CRS activity 

The unspliced RNA produced by the Bl construct con- 
tained CRS activity, even though this construct was de- 
leted for the majority of HIV-1 intronic sequences. There- 
fore, we wished to independently examine constructs 
containing each of the minimal tat introns for the reten- 
tion of CRS activity within the unspliced RNA. To indepen- 
dently examine the first tat intron, a construct which con- 
tained sequences encoding the first minimal tat intron 
was generated (Fl; Fig. 1). This construct was generated 
by precisely deleting sequences encoding the second 
tat intron from $he Bl construct, conserving tat and rev 
reading frames. The Fl construct should produce an un- 
spliced RNA and a spliced RNA encoding Tat and Rev 
proteins. The FIR construct was generated through inser- 
tion of an RRg into the nef gene of the Fl construct (Fig. 
1). Both Fl and FIR constructs were transfected into COS 
cells and assessed by RT-PCR analysis of fractionated 
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FIG. 1. Constructs used to localize CRS activity in HIV-1. Schematic diagram of HIV-1 genome, HIV-1 RNAs and constructs Generated Solice 



RNAs (Fig. 3). In the absence of the RRE, the unspliced 
RNA produced by the Fl construct had a predominantly 
nuclear distribution, as evidenced by a C=N ratio of 0.4=1. 
In the presence of the RRE, the unspliced RNA produced 
by the FIR construct had a predominantly cytoplasmic 
distribution, as evidenced by a C:N ratio of 2.0=1. The 
fully spliced RNA accumulated predominantly in the cyto- 



plasm, regardless of the presence or absence of the 
RRE. The ratios of cytoplasmic to nuclear spliced RNA 
produced by the Fl and FIR constructs were 4.4*1 and 
3.8=1, respectively. The difference in the C=N ratio of un- 
spliced RNA produced by the Fl and FIR constructs indi- 
cated that the unspliced RNA produced by the Fl con- 
struct retained substantial levels of CRS activity. 
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FIG. 2. Effect of deletion of the majority of intronic sequences on 
CRS activity. Results of RT-PCR analysis, using fractionated RNAs (Cyto 
1, Cyto 2, and Nuclear) from COS cells transfected with 50 fig of the 
indicated constructs. Cyto 1 and Cyto 2 fractions were generated using 
a buffer containing 0.05% NP-40 and 0.65% NP-40, respectively. The 
remaining pellet was designated the Nuclear fraction. Detection of 
unspliced and fully spliced RNAs is shown. Threefold dilutions of RNA 
from transfected cells were assayed to demonstrate the quantitative 
nature of this procedure. 



To independently examine the second tat intron for 
CRS activity, a construct containing sequences encoding 
the second minimal tat intron was generated (SI; Fig. 1). 
This construct was generated by deletion of sequences 
encoding the first tat intron. The SI construct should pro- 
duce an unspliced RNA encoding the Tat protein and a 
spliced RNA encoding Tat and Rev proteins. The SIR 
construct was generated through insertion of an RRE into 
the nef gene of the SI construct (Fig. 1). Both the SI 
and SIR constructs were transfected into COS cells and 
assessed for CRS activity by RT-PCR analysis of fraction- 
ated RNAs. The results are shown in Fig. 4. In the ab- 
sence of the RRE, the unspliced RNA produced by the 
SI construct had a predominantly nuclear distribution, as 
evidenced by a GN ratio of 0.8=1. In the presence of the 
RRE, the unspliced RNA produced by the SIR construct 
had a predominantly cytoplasmic distribution, as evi- 
denced by a C=N ratio of 2.4=1. The fully spliced RNA 
accumulated predominantly in the cytoplasm, regardless 
of the presence or absence of the RRE. The ratios of 
cytoplasmic to nuclear spliced RNA produced by the SI 
and SIR constructs were 20=1 and 16:1, respectively. The 
difference in the C=N ratio of unspliced RNA produced 
by the SI and SIR constructs indicated that the unspliced 
RNA produced by the SI construct retained substantial 
levels of CRS activity. 

Deletion of utilized splice acceptors does not 
eliminate CRS activity 

Results had indicated that CRS activity was exhibited 
by RNAs containing either minimal tat intron. To further 
define the sequences responsible for the CRS activity 
within RNAs produced by the Fl construct, the SD1 con- 
struct was generated. This construct retains the se- 
quences encoding the 5' splice donor; however, se- 



quences encoding all known splice acceptor sites have 
been removed (Fig. 1).The SD1 construct should produce 
only an unspliced RNA; however, splicing was detected 
in the RNA produced by this construct (see below). The 
SD1R construct was generated through insertion of an 
RRE into the SD1 construct (Fig. 1). SD1 and SD1R con- 
structs were transfected into COS cells and assessed 
by RT-PCR analysis of fractionated RNAs using oligonu- 
cleotide primers that flanked the splice donor sequences 
to detect unspliced RNA. As these constructs do not 
produce Tat, all transfections included a Tat-producing 
plasmid. These constructs also do not produce Rev; 
therefore, transfections were performed in the presence 
or absence of a Rev-producing plasmid. The results are 
shown in Fig. 5, upper panel. The unspliced RNA pro- 
duced by the SD1 construct, in the absence of Rev, was 
found predominantly in the nuclear fraction as evidenced 
by a C:N ratio of 0.6:1. The C=N ratio of unspliced RNA 
produced by the SD1 construct was not affected by the 
addition of Rev, as evidenced by a C=N ratio of 0.4=1. In 
the absence of Rev, the SD1 R construct exhibited a simi- 
lar RNA profile to that of the SD1 construct, as evidenced 
by a C=N ratio of 0.6=1. However, in the presence of Rev, 
the ratio of cytoplasmic to nuclear unspliced RNA pro- 
duced by the SD1R construct was increased to a ratio 
of 5.5=1. These results indicated that the SD1 R construct, 
containing the major HIV-1 5' splice donor, retained CRS 
activity within the unspliced RNA. 

Although no known splice acceptor sequences were 
present within the SD1R construct, it was still possible 
that a cryptic splice acceptor might have been utilized 
in conjunction with the 5' splice donor. To determine 
whether the splice donor was utilized in the RNA pro- 
duced by the SD1R construct, we further examined the 
RNA produced by this construct using oligonucleotide 
primers specific for sequences upstream of the splice 
donor to detect total RNA, both spliced and unspliced 
(Fig. 5, lower panel). In contrast to results using primers 
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FIG. 3. Effect of the first minimal tat intron on CRS activity. Results of 
RT-PCR analysis, using fractionated RNAs (Cyto 1, Cyto 2, and Nuclear, 
as described in the legend to Fig. 2) from COS cells transfected with 50 
fig of the indicated constructs. Detection of unspliced and fully spliced 
RNAs is shown. Threefold dilutions of RNA from transfected cells were 
assayed to demonstrate the quantitative nature of this procedure. 
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FIG. 4. Effect of the second minimal tat intron on CRS activity. Results 
of RT-PCR analysis, using fractionated RNAs (Cyto 1 , Cyto 2, and Nuclear, 
as described in the legend to Fig. 2) from COS cells transfected with 50 
fig of the indicated constructs. Detection of unspliced and fully spliced 
RNAs is shown. Threefold dilutions of RNA from transfected cells were 
assayed to demonstrate the quantitative nature of this procedure. 



that detected only unspliced RNA, the use of this set of 
primers indicated that Rev had little effect on the ratio 
of cytoplasmic to nuclear RNA produced by the SD1R 
construct In fact, the bulk of the total RNA was found in 
the cytoplasmic fractions regardless of the presence or 
absence of Rev as evidenced by C=N ratios of 3.6=1 in 
the presence of Rev and 6.6: 1, in the absence of Rev. This 
difference in C=N ratio was not seen in other experiments. 
These results indicated that the splice donor site within 
the RNA produced by the SD1 R construct was utilized in 
combination with a cryptic splice acceptor site(s). 

To better elucidate the CRS activity present within the 
unspliced RNA produced by the SI construct, the SD2R 
construct was generated. This construct retains se- 
quences encoding the major 3' HIV-1 splice donor. Al- 
though the sequences encoding the env/nef splice ac- 
ceptor are retained, they are positioned upstream of the 
3' splice donor. The SD2R construct should produce only 
an unspliced RNA encoding Tat; however, splicing was 
detected in the RNA produced by this construct (see 
below). The SD2R construct was transfected into COS 
cells and assessed by RT-PCR analysis of fractionated 
RNAs using oligonucleotide primers that flanked the 
splice donor sequences to detect unspliced RNA. As 
this construct does not produce Rev, transfections were 
performed in the presence or absence of a Rev-produc- 
ing plasmid. The results are shown in Fig. 6. In the ab- 
sence of Rev, the unspliced RNA produced by the SD2R 
construct had a C=N ratio of 0.5=1. However, in the pres- 
ence of the Rev, the ratio of cytoplasmic to nuclear un- 
spliced RNA was 2.8:1. These results indicated that the 
unspliced RNA produced by the SD2R construct retained 
CRS activity. 

The RNA produced by the SD2R construct was further 
analyzed using oligonucleotides directed against se- 
quences upstream of the splice donor to detect total 
RNA produced by the construct (Fig. 6). In contrast to 



results using primers that detected only unspliced RNA, 
the use of these primers indicated that Rev had little 
effect on the distribution of RNA produced by the SD2R 
construct as evidenced by C:N ratios of 3.5=1 in the 
absence of Rev and 4.4:1 in the absence of Rev. These 
results indicated that the splice donor site within the 
SD2R construct was utilized in combination with a cryp- 
tic splice acceptor site(s). 

An isolated splice donor functions as a CR§ 

Results obtained using the SD1R and SD2R constructs 
indicated that, in both cases, the splice donors were being 
utilized in conjunction with cryptic splice acceptors. The 
Nl construct was generated through deletion of the bulk 
of sequences between the splice donor and the polyade- 
nylation signal, leaving only 78 base pairs between these 
elements. Due to the lack of sequences downstream of 
the splice donor, we anticipated that the RNA produced 
by the Nl construct would be extremely limited in its utiliza- 
tion of the major 5' splice donor. To elucidate the role of 
the major 5' splice donor in the manifestation of CRS 
activity, site-directed mutagenesis of this site within the 
Nl construct was performed. The consensus splice donor 
sequence within the Nl construct was mutated to generate 
the ANI construct (Fig. 1). Nl and ANI constructs were 
transfected into COS cells in duplicate. Since these con- 
structs do not produce Tat, all transfections included a. 
Tat-producing plasmid. Fractionated RNAs were assessed 
by RT-PCR analysis using oligonucleotide primers that 
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FIG. 5. Effect of deletion of known splice acceptors and retention of 
the major 5' splice donor on CRS activity. Results of RT-PCR analysis, 
using fractionated RN£s (Cyto 1, Cyto 2, and Nuclear, as described in 
the legend to Fig. 2) from COS cells transfected with 30 fxg of the 
indicated constructs. Detection of unspliced (upper panel) and total 
(lower panel) RNAs is shown. Threefold dilutions of RNA from trans- 
fected cells were assayed to demonstrate the quantitative nature of this 
procedure. All transfections also contained 10 ^g of a Tat-producing 
construct. The presence or absence of 10 j/g of a Rev-producing con- 
struct is indicated (+ or -). 
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FIG. 6. Effect of deletion of known downstream splice acceptors and 
retention of the major 3' splice donor on CRS activity. Results of RT- 
PCR analysis, using fractionated RNAs (Cyto 1, Cyto 2, and Nuclear, as 
described in the legend to Fig. 2) from COS cells transfected with 25 
/*g of the SD2R construct Detection of unspliced and total RNAs is 
shown. Threefold dilutions of RNA from transfected cells were assayed 
to demonstrate the quantitative nature of this procedure. The presence 
or absence of 25 fig of a Rev-producing construct is indicated (+ or -). 

flanked the splice donor sequences. The results are 
shown in Fig. 7. The unspliced RNA produced by the IMI 
construct was detected predominantly in the nuclear frac- 
tion as evidenced by a GN ratio of 0.2:1-0.3:1. Mutation 
of the splice donor site (ANI) resulted in an increase 
in the ratio of cytoplasmic to nuclear unspliced RNA as 
evidenced by a C:N ratio of 1.0:1-1.3=1. These results 
indicated that the 5' splice donor was functioning as a 
CRS within the unspliced RNA produced by the Nl con- 
struct To determine the extent to which the 5' splice 
donor was utilized, the RNA produced by the Nl and ANI 
constructs was further analyzed using oligonucleotides 
directed against sequences upstream of the splice donor 
to detect total RNA, both spliced and unspliced (Fig. 7). 
The ratio of cytoplasmic to nuclear total RNA produced 
by the Nl construct was altered in that the C=N ratio was 
increased to 1.0=1-1.5:1. These results indicated that 
splicing was not completely eliminated within the RNA 
produced by the Nl construct 

DISCUSSION 

CRS have been identified throughout the intronic se- 
quences of HIV-1, in gag, pol, and env (Rosen etaL, 1988; 
Cochrane ef at., 1991; Maldarelli etaL, 1991; Schwartz 
ef al., 1992; Brighty and Rosenberg, 1994; Nasioulas ef 
a/., 1994). In addition, splice sites have been implicated 
in HIV-1 Rev function (Chang and Sharp, 1989; Hammar- 
skjold etaL, 1994; Barksdale and Baker, 1995; Mikaelian 
ef aL, 1996; Tan et aL, 1996). In this report, we have 
investigated the CRS activity of HIV-1 splice sites through 
sequential mutagenesis of a proviral clone. We have 
found that, in the absence of the majority of HIV-1 intronic 
sequences, Rev-responsiveness was still maintained. It 
is possible that an important component of CRS activity 
has been lost through deletion of these intronic se- 
quences. The intronic sequences may still have a signifi- 
cant impact on CRS activity within the virus. 



Unspliced RNAs containing either the first or second 
faf intron exhibited CRS activity. Removal of known splice 
acceptors did not eliminate the CRS activity present 
within the RNAs. These RNAs contained either the major 
5 f or 3' HIV-1 splice donor site. In the absence of any 
known downstream splice acceptors, these splice do- 
nors were still efficiently utilized, in conjunction with cryp- 
tic splice acceptors. Deletion of nearly all sequences 
between the major 5' HIV-1 splice donor and the polyad- 
enylation site appeared to reduce, but did not eliminate, 
the utilization of the 5' major splice donor. Although dele- 
tion of these sequences did not relieve the CRS activity 
within the unspliced RNA, mutation of the splice donor 
did relieve CRS activity. Therefore, the major HIV-1 5' 
splice donor could function as a CRS, even in the ab- 
sence of efficient splicing. These results clearly demon- 
strated that the HIV-1 splice donor sites are intimately 
involved in the regulation of the cytoplasmic accumula- 
tion of viral RNA. 

The mutation of the splice donor site within ANI also 
led to an apparent decrease in the total level of RNA 
This reduction may be due to a decrease in stability of 
the RNA caused by the removal of the splice donor. A 
similar effect on total RNA levels was previously seen 
when the major 3' HIV-1 splice donor was mutated within 
a subgenomic env construct (Lu ef aL, 1990), although 
the effect seen in the previous report was more severe 
and led to an almost complete inability to detect any RNA 
produced from the construct. 

Results from several other groups support the idea 
that an isolated splice donor might function as a CRS. 
Naturally occurring inhibitory 5' splice sites within the 3' 
untranslated region of papillomaviruses were shown to 
function as CRS in that Rev can counteract their effect 
(Barksdale and Baker, 1995). The major 5' splice donor 
of equine infectious anemia virus was demonstrated to 
function as a CRS (Tan et aL, 1996). A /3-globin splice 
donor was shown to be capable of functioning as a CRS 
(Chang and Sharp, 1989; Hammarskjold etaL, 1994; Mi- 
kaelian etaL, 1996). The HIV-1 tev splice donor, located 



EZ 1 IzS 1 ' 



unspliced RNA ^ -^^u^MdM 



3X DILUTIONS 



total RNA 



FIG. 7. The major 5* HIV-1 splice donor functions as a CRS. Results 
of RT-PCR analysis, using fractionated RNAs (Cyto 1 , Cyto 2, and Nuclear, 
as described in the legend to Fig. 2) from COS ceils transfected with 40 
fig of the indicated constructs in duplicate. Detection of unspliced and 
total RNAs is shown. Threefold dilutions of RNA from transfected cells 
were assayed to demonstrate the quantitative nature of this procedure. 
All transfections also contained 10 /iQ of a Tat-producing construct. 
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within the HIV-1 env gene, also appears to function as 
a CRS (Hammarskjold etai, 1 994). The results presented 
in this paper indicate that authentic HIV-1 splice donors 
function as CRS to prevent the cytoplasmic accumulation 
of viral RNAs. The identification of utilized HIV-1 splice 
donor sites as CRS leaves open the possibility that cryp- 
tic HIV-1 splice donor sites might also function as CRS 
when expressed within the appropriate context. 

It seems apparent that the control of HIV-1 RNA pro- 
duction involves a variety of regulatory activities. Splicing 
serves to downregulate the level of cytoplasmic un- 
spliced and partially spliced RNAs. The splice donors 
themselves also serve to downregulate the cytoplasmic 
accumulation of those RNAs in which they are present 
The intronic CRS may serve to retain RNA in the nucleus, 
decrease RNA stability, or decrease RNA cytoplasmic 
utilization (Rosen ef ai, 1988; Cochrane et ai, 1991; Mald- 
arelli etai, 1991; Schwartz et aL, 1992; Brighty and Ro- 
senberg, 1994; Nasioulas etai, 1994). The combination 
of all these regulatory activities may synergize within the 
virus to prevent viral structural protein production. Rev 
may serve to overcome all of these levels of negative 
regulation and permit viral structural protein production. 
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The transcription and splicing of human immunodeficiency virus type 1 (HIV-1) mRNA in primary blood 
monocyte-derived macrophages (MDM) and CD4 + peripheral blood lymphocytes (PBL) were compared to 
determine whether any differences might account for the slower noncytopathic infection of cells of the mac- 
rophage lineage. The expression of regulatory mRNAs during acute infection of MDM was delayed by about 
12 h compared to that of PBL. In each cell type, an increase in spliced viral mRNAs slightly preceded virus 
production from the culture. Following the peak of productive infection, there was a proportional decrease in 
the expression of all regulatory mRNAs detected in PBL. In MDM, a dramatic additional decrease specifically 
in the tat mRNA species heralded a reduction in virus production. This decline in tat mRNA was reflected by 
a concomitant decrease in Tat activity in the cells and occurred with the same kinetics irrespective of the age 
of the cells when infected. Addition of exogenous Tat protein elicited a burst of virus production from 
persistently infected MDM, suggesting that the decrease in virus production from the cultures is a consequence 
of the reduction in tat mRNA levels. Our results show that modulation of HIV-1 mRNAs in macrophages during 
long-term infection, which is dependent on the period of infection rather than cell differentiation or matura- 
tion, results in a selective reduction of Tat protein levels at the commencement of a persistent, less productive 
phase of infection. Determination of the mechanism of this mRNA modulation may lead to novel targets for 
control of replication in these important viral reservoirs. 



The human immunodeficiency virus type 1 (HIV-1) genomic 
RNA undergoes a distinctly complex series of multiple splicing 
events to produce an array of 22 different 4.0-kb mRNAs for 
the Env, Vpu, Tat, Vpr, and Vif proteins and 22 different 
1.8-kb mRNAs for the Tat, Rev, Vpr, and Nef proteins (38, 44, 
47, 48). These seven viral proteins, encoded, by more than 40 
alternatively spliced mRNAs, regulate virus replication and 
important host cell functions and are crucial for HIV-1 infec- 
tivity and in vivo pathogenesis. Alterations to the balanced 
splicing of these HIV mRNAs can have a dramatic impact on 
viral infectivity and pathogenesis (44). 

The large array of alternatively spliced HIV-1 mRNA pri- 
marily results from the differential use of six competing alter- 
native 3' splice acceptor (SA) sites (A3, A4c, A4b, A4a, A5, 
and A7) (4, 28, 44, 47) and the use of two upstream noncoding 
exons (exons 2 and 3) that alter the 5' untranslated region (Fig. 
1). RNA elements called exonic splice silencers (ESS) have 
been identified in the splice control regions of the genomic 
RNA that bind cellular heterogeneous nuclear ribonucleopro- 
teins (hnRNPs) of the A, B, and H groups (9, 14, 30) and act 
to suppress the splicing of adjacent 3' SA sites, such as in the 
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second exon of tat (Fig. IB, exon 4), the second tat/rev coding 
exon (exon 7), and noncoding exon 3 downstream of Vpr splice 
site A2 (2, 6, 57). Other elements called exonic splice enhanc- 
ers (1, 57) bind serine/arginine-rich proteins such as ASF/SF2 
and SC35 (59, 63) to enhance the splicing of neighboring ex- 
ons, such as the third tat exon (Fig. IB, exon 7). The high level 
of conservation of 5' SD and 3' SA sequences among different 
viral isolates of diverse origins suggests that complex splice 
regulation is important for efficient viral replication (45, 49). 

The role of the complex HIV-1 RNA-processing control 
elements in modulating the course of HIV-1 infection of CD4 + 
T lymphocytes and cells of the macrophage lineage is unclear. 
Many studies have demonstrated that blood monocytes and 
tissue macrophages display a characteristically slower, nonlytic, 
chronic course of infection, in contrast to primary CD4 + T 
lymphocytes, in which HIV-1 infection is typically rapid, lytic, 
and highly productive of new virions (11, 41, 46). Some studies 
have suggested that the diverse outcomes of HIV-1 infection 
are due, in part, to different processing of viral RNA by these 
cells (32, 37, 43, 45). 

However, most of these studies examining RNA splicing 
during HIV-1 replication have used T-cell lines, primary CD4 + 
T lymphocytes, or monocytic cell lines in their analyses (32, 43, 
45, 47). Relatively little is known about the control of RNA 
splicing in acutely or chronically infected primary cells of the 
macrophage lineage, although these cells are primary targets of 
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FIG. 1. Combinations of exons that are spliced from the HIV RNA 
genome join to form the alternatively spliced mRNAs of HIV-1. 

(A) Schematic representation of the HIV-1 genome. Open boxes show 
locations of the open reading frames that encode the viral proteins. 

(B) HIV-1 exons are generated by the use of different combinations of 
SAs and splice donors during RNA splicing. The exons, represented as 
bars, are numbered as described by Muesing et al. (38). (C) The exon 
contents of the major 1.8- and 4.0-kb classes of spliced transcripts 
detected in MDM and PBL are shown in abbreviated form, e.g., nef-1 
combines exons 1 and 7 and is annotated as 1/7. 



HIV-1 infection and are important in the initial transmission 
event and in maintaining the infection (25, 54, 55). Freshly 
isolated monocytes are poorly susceptible to infection in vitro 
but become increasingly susceptible during differentiation in 
culture over 5 to 7 days to a macrophage phenotype (52, 53), at 
least in part because of the increased expression of the CCR5 
coreceptor (40). Because of the inherent difficulties of obtain- 
ing tissue macrophages for study, these in vitro-derived mac- 
rophages are often used as a model of their in vivo counter- 
parts. In this study, we examined whether modulation of the 
large array of alternatively spliced HIV-1 regulatory transcripts 
correlates with the differential viral replication and expression 
observed following in vitro infection of primary monocyte- 
derived macrophages (MDM) compared to peripheral blood 
lymphocytes (PBL). This work increases our understanding of 
HIV-1 infection in macrophages and has the potential to lead 
to novel therapeutic targets for the control of replication in 
these important reservoirs. 

MATERIALS AND METHODS 

Isolation of lymphocytes and monocytes from blood. PBL and monocytes were 
isolated from HIV-1 -seronegative blood cell packs (Red Cross Blood Bank, 
Melbourne, Australia) by density gradient centrifugation and plastic adherence 
in 175-cm 2 petri dishes as previously described (52). The nonadherent PBL were 



resuspended in RPMI 1640 medium (Gibco BRL, Grand Island, N.Y.) with 10% 
fetal calf serum, 2 mM L-glutamine (ICN Biomedicals Inc., Costa Mesa, Calif.), 
and 50 u,g of gentamicin per ml (RF10) and then stimulated with phytohemag- 
glutinin (2.5 jig/ml; Wellcome Diagnostics, Dartford, United Kingdom) for 2 to 
3 days prior to infection with HIV-1. Infected PBL were maintained in flasks in 
RF10 with the addition of interleukin-2 (10 U/ml; Roche, Castle Hill, Australia), 
and the medium was changed twice weekly. The monocytes were detached from 
the petri dishes and usually maintained adherent in 24-well plates (Nunc, Na- 
perville, 111.) in Iscove's medium (Gibco BRL) supplemented with 10% AB/Rh + 
human serum, glutamine, and gentamicin (IH10) at a concentration of 10 6 
monocytes/well. They were then washed thoroughly with phosphate-buffered 
saline (PBS) and infected 5 to 7 days after isolation, by which time they had 
differentiated to a macrophage phenotype and were maximally permissive to 
infection with R5 strains of HIV-1. In one experiment, monocyte-derived mac- 
rophages were infected at approximately weekly intervals until 4 weeks after 
isolation. MDM cultures were given weekly medium changes and maintained 
under endotoxin-free conditions throughout. 

Viral strains and infection assays. Replicate wells of 10 fi MDM or cultures of 
PBL at 2 X 10 6 cells/ml were infected for kinetic studies with the prototype R5 
strain, HIV-l Ba . L (obtained from the AIDS Research and Reference Reagent 
Program, National Institute of Allergy and Infectious Diseases, National Insti- 
tutes of Health; high-titer virus stocks produced in peripheral blood mononu- 
clear cells [PBMC] [24]), or with a recombinant R5 strain, HIV-1 n^ads) I su ~ 
pernatant from SW480 cells transfected with pNL(AD8), a stable, full-length 
molecular clone of pNL4-3 in which the envelope gene has been replaced with 
that from the macrophage-tropic ADA isolate (58)]. Cells were incubated with 
virus for 2 h at a multiplicity of infection (MOI) of 0.1 to 1 infectious particle per 
cell (assessed by determining the 50% tissue culture-infective dose in MDM), 
followed by thorough washing with PBS. Virus production was monitored by 
assaying for virion- associated reverse transcriptase (RT) activity by using 
[a- 33 P]TTP incorporation into an oligo(dT)-poly(A) template (micro-RT assay) 
(60). To one long-term -infected culture, Tat protein (obtained through the AIDS 
Research and Reference Reagent Program, National Institute of Allergy and 
Infectious Diseases, National Institutes of Health, and contributed by J. Brady 
[7]), 13-phorbol-12-myristate acetate (PMA; Sigma Chemical Co., St. Louis, 
Mo.), or tumor necrosis factor alpha (TNF-a) was added in an attempt to 
reactivate virus production. Tat (200 ng/well in the presence of 100 u,g of 
protamine sulfate per ml to enhance uptake [19]), PMA (100 ng/ml), and TNF-a 
(100 ng/ml) were added to the culture medium 4 to 5 weeks after infection. Cells 
were then monitored for a further 2 weeks with a medium change but no 
replenishment of additives after the first week. Also, to cultures from four 
different donors, recombinant soluble CD4 (rsCD4; 50 jxg/ml; a generous gift 
from Glaxo-SmithKline, King of Prussia, Pa. [13, 53]) was added immediately 
after infection with DNase-treated Ba-L (10 U of RNase-free DNase [Roche] 
per ml of virus stock in 10 mM MgCl 2 for 30 min at room temperature) and 
HIV-1 replication was assessed by monitoring the accumulation of viral DNA by 
PCR as described previously (33, 54). 

Bioassay for HIV-1 Tat activity. An assay system consisting of a set of two 
adenovirus-luciferase reporter vectors, of which one is responsive to HIV-1 Tat 
protein activity (Ad-HIVluc) and the other is a control vector that is not Tat 
responsive because of a deletion of the TAR site (Ad-HIVATARluc), was used 
to assess Tat activity in HIV-infected MDM and PBMC cultures (5). The vectors 
were grown and titrated in 293 cells as previously described (5), and then each 
was used at an equivalent MOI of 100 to superinfect triplicate wells of 96-welI 
plates containing 10 5 MDM or PBMC from three separate donors at twice 
weekly intervals for 6 and 3 weeks, respectively, following HIV-1 infection. The 
cells were washed with PBS 48 h after adenovirus superinfection and then lyscd 
in 20 uJ of cell culture lysis reagent (CCLB; Promega) per well and stored at 
— 20°C until analyzed for luciferase activity at the completion of the experiment. 
Luciferase activity was measured by mixing 10 uJ of cell lysate (undiluted for 
PBMC lysates and diluted 1:10 in CCLB for MDM lysates) with 50 u.1 of 
luciferase assay reagent (Promega) and immediate detection of the emitted light 
in a Triathler luminomcter (Pcrkin-Elmer, Branchburg, N.J.). The presence of 
Tat activity in this bioassay is indicated by threefold or greater luciferase activity 
in Ad-HIVluc-infected cells than in those infected at the same time point with 
Ad-HIVATARluc, which measures the background level of Tat-independent 
transactivation of the HIV-1 long terminal repeat (LTR) in the cells. 

PCR for luciferase DNA. The above-described CCLB lysates (5 uJ of each 
replicate pooled) were digested with proteinase K (10 to 15 u,g; Roche) at 60°C 
for 1 h and then at 95°C for 10 min. The lysates were then clarified by centrif- 
ugation at 13,000 X g for 2 min, and 5 u.1 was used in a PCR with primers specific 
for the firefly (Photinus pyralis) luciferase (luc) gene (Iuc-5' ( GAAGGTTGTG 
GATCTGGATACC, positions 1621 to 1642; luc-3', AGCTATGTCTCCAGAA 
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TGTAGCC, positions 1780 to 1758 [15]). The primers were used at a final 
concentration of 0.4 \xM in reaction mixtures containing 1.5 mM MgCl 2 , 0.2 mM 
deoxynucleosidc triphosphates, and 1 U of Taq polymerase for 25 cycles of 95°C 
for 30 s, 55°C for 30 s, and 72°C for 1 min. The 160-bp PCR products were 
analyzed by electrophoresis in 2% agarose gels and stained with ethidium bro- 
mide, and band intensities upon UV illumination were compared by phos- 
phorimaging (Fuji LAS1000). 

Preparation of mRNA and cDNA. Poly(A) + RNA was purified at various time 
points postinfection with magnetic oligo(dT)25 Dynabeads (Dynal, Oslo, Nor- 
way) at a concentration of 25 u.1 of beads/10 6 cell equivalents. The cells were 
lysed, incubated for 10 min at room temperature with the oligo(dT)25 beads, and 
washed in accordance with the manufacturer's instructions. The RNA was then 
reverse transcribed to cDNA with a 25-u.l reaction mixture containing the bead- 
mRNA complex, 1 X avian myeloblastosis virus RT buffer, 1 mM deoxynucleo- 
sidc triphosphates, 1 U of RNasin per \x\, and 1 U of avian myeloblastosis virus 
RT per uJ (all from Promega Corp., Madison, Wis.). Samples were incubated for 
1 h at 42°C, the RT mixture was removed, and the beads were resuspended in 100 
uJ of elution solution (2 mM EDTA) before being heated to 95°C for 5 min to 
remove the mRNA. The cDNA libraries attached to the beads were stored in 10 
mM Tris-HCl-1 mM EDTA, pH 7.6, at 4°C for use in subsequent reverse 
transcription-PCR analyses. 

Standardization and amplification of HIV-1 spliced mRNA. To ensure a 
standard input of cDNA in HIV-specific PCRs, 10 5 cell equivalents of cDNA 
attached to beads was serially diluted to less than 1 cell equivalent and PCR 
amplified with primers specific for p-actin, BA1/4 (26). PCR products (360 bp) 
were detected by electrophoresis in 2% agarose and ethidium bromide staining. 
Band intensities for all samples were compared by phosphorimaging as described 
above, and equivalent amounts of the cDNA were used in a subsequent PCR for 
viral RNA. 

Following standardization of the cDNA, we performed semiquantitative anal- 
yses for the 1.8-kb class of HIV-1 RNA with 1 \iM primers Odp45 and Odp32 as 
described before (44) and for the 4.0-kb mRNA with primers Odp45 and Odp84 
( 5 ' -TCATTG CC ACTGTCTTCTG CTCT-3 ' ) in a hot-start PCR (25 cycles of 
95°C for 1.5 min, 55°C for 1 min, and 72°C for 2.5 min with a final 7 min at 72°C). 
One microliter of each amplification product was radiolabeled by performing a 
single round of PCR as before but with the addition of 10 p,Ci of [a- 32 P]dCTP. 
The labeled samples were subsequently analyzed by electrophoresis through a 
6% polyacrylamide-urea gel at sufficient wattage to maintain a temperature of 
65°C. Bands were visualized by autoradiography and/or phosphorimaging (Fuji 
FLA2000). We have shown previously that this protocol preserves the relative 
proportions of the 1.8- and 4.0-kb classes of HIV-1 RNA (44). 



RESULTS 

Contribution of multiple rounds of HIV-1 replication to 
infection in primary MDM and PBL cultures. Since the kinetic 
accumulation of spliced HIV-1 RNA might be confounded by 
asynchronous secondary infection, we used both a relatively 
high multiplicity of virus for infection (MOI of 1) and blocked 
subsequent rounds of infection in cultures from four donors 
with rsCD4. The degree of asynchronous infection of MDM 
was measured by comparing the relative abundance of gag viral 
DNA to that of cellular HLA-DQ-a DNA in the presence and 
absence of blocking concentrations of rsCD4. The amounts 
and ratios of gag and HLA-DQ-a DNA were similar in both 
treated and untreated MDM cultures and remained relatively 
constant from 48 h after infection (data not shown), demon- 
strating maximal synchronous infection of susceptible cells 
with minimal virus superinfection or spread after initial infec- 
tion. 

MDM and PBL differ in the kinetic expression and splicing 
of HIV-1 mRNA during acute infection. The splicing of HIV-1 
mRNA during acute infection of primary PBL and MDM with 
Ba-L was investigated (Fig. 2). A 12-h delay in the first ap- 
pearance of HIV-1 mRNA from MDM (24 h), compared to 
that of PBL (12 h; Fig. 2A), results from the delayed estab- 
lishment of HIV-1 infection in the former cell type. Both 
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FIG. 2, The kinetic expression of alternatively spliced 1 .8-kb viral 
mRNA during early HIV infection of PBL and MDM. Poly(A) + RNA 
was extracted from cells at 2-h intervals for the first 12 h and then at 
24 and 48 h after infection with Ba-L. Semiquantitative PCR with 
primers Odp45 and Odp32 for multiply spliced transcripts (A) was 
performed on cDNA standardized by fJ-actin PCR (B). In our reverse 
transcription-PCR assay, the detection limits of 1.8- and 4.0-kb mRNA 
transcripts were 10 2 and 10 3 HIV-infected cells, respectively. The RNA 
patterns shown are representative of results of six experiments. 



primary cell types expressed the same mRNA species. How- 
ever, significant differences in the relative abundance of par- 
ticular isoforms were observed between the cell types during 
the first 48 h. In MDM, nef-1 (Fig. 1C, 1/7), nef-2 (1/5/7), rev-1 
(l/4b/7), and tat-1 (h '4/7) were the most abundant spliced iso- 
forms of HIV-1 1.8-kb mRNA at 48 h (Fig. 2A, right side). 
nef-2 and rev-1 appeared simultaneously at 24 h postinfection, 
and the other tat, rev, and nef multiply spliced mRNAs (Fig. 
1C) were detectable at 48 h postinfection. MDM expressed 
tat-1 mRNA at a significantly higher level than the other tat 
mRNAs. In contrast, in the PBL cultures, only a subset of 
spliced HIV-1 mRNA species, nef-2, rev-1, and rev-2 (l/4a/7), 
that predominate at 48 h were detected 12 h postinfection (Fig. 
2 A, left side). Other mRNAs prominent in PBL at 48 h postin- 
fection, most notably, nef-1, tat-1, and tat-2 {1121 A/1), were 
proportionally underrepresented at earlier time points. PBL 
synthesized high levels of several other isoforms of nef and rev 
(i.e., rev-2, rev-3, rev-4, nef -3, nef -4, and nef -5) that were de- 
tected at relatively low levels in infected MDM. Similar mRNA 
profiles were found following infection of cells from six differ- 
ent donors. 

Alternative splicing of HTV mRNA during chronic infection 
in MDM and PBL. We next examined the splicing of HIV-1 
mRNA in primary PBL and MDM during chronic infection 
over a 3-week period (Fig. 3). Duplicate cultures of MDM or 
a single culture of PBL from each of two donors were infected 
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FIG. 3. Spliced HIV-1 mRNA accumulates in similar patterns in lymphocytes and macrophages. Duplicate cultures of MDM and a single 
culture of PBL were infected with Ba-L for sequential analysis of spliced HIV RNA. PBL were maintained at 2 X 10 6 cells/ml, and RNA was 
extracted from 5 X 10 s cells that were removed from the PBL infection or from 10 6 replicate infected MDM at intervals of 3 or 4 days over a 3-week 
period. (A) Expression of 1.8-kb viral mRNA in PBL and MDM from the same donor infected with HIV-l^.^ Semiquantitative PCR with primers 
Odp45 and Odp32 was performed with standardized amounts of cDNA (C) attached to magnetic beads. (B) Viral 4.0-kb mRNA profile of the same 
samples as in panel A following amplification with primers Odp45 and Odp84. Note that the gel in panel B was exposed four times longer than 
that in panel A for detection of minor bands. Patterns shown for 1.8- and 4.0-kb RNAs were similar in two donor lymphocyte and monocyte 
populations. (D) Virus production from the cultures shown in panels A and B as assessed by supernatant RT activity. M, molecular size markers 
(sizes are in base pairs); U, uninfected-cell control; -ve, no-cDNA control. 



for sequential analysis of spliced HIV-1 RNA at intervals of 3 
or 4 days. Reverse transcription-PCR analysis of the different 
alternatively spliced 1.8- and 4.0-kb HIV-1 RNAs showed that 
the relative proportions of the various species were similar 
over this time (Fig. 3A and B), indicating that there was little 
difference between PBL and MDM in the cell-controlled splic- 
ing of HIV-1 RNA. 

The kinetic expression of HIV-1 RNA differed between the 
MDM and PBL cultures. The production of spliced 1.8- and 
4.0-kb HIV-1 RNAs in PBL (Fig. 3A and B, respectively) 
peaked at 7 to 10 days after infection (cell donor dependent) 
and then gradually declined in a uniform manner until day 21, 
by which time the viability of the lymphocytes had significantly 
diminished. The time of maximum RNA production in PBL 
typically preceded the peak of supernatant RT activity by 3 or 
4 days (Fig. 3D). The decline in production of HIV-1 RNA 



after 7 to 10 days in PBL resulted from a proportionate de- 
crease in HtV-l-infected cells because of both their death and 
their failure to divide in the culture (42, 62). This is reflected in 
virus production from these cells, which declined by days 17 to 
21 (Fig. 3D), although there was still significant expression of 
the standard pattern of alternatively spliced HIV-1 mRNAs at 
this time (Fig. 3A and 4B). 

As observed in acute infection, HIV-1 mRNA accumulated 
with much slower kinetics in infected MDM than in PBL dur- 
ing chronic infection (Fig. 3 A and B). In contrast to PBL, both 
the overall level of viral 1.8-kb mRNA and virus production in 
MDM continued to increase until day 21 (Fig. 3 A and D). 
HIV-1 infection of MDM, which are nondividing, does not 
result in significant cell death (11). The slight lag in the detec- 
tion and the relatively lower abundance of the 4.0-kb mRNA 
compared to the 1.8-kb RNA in MDM (four times longer 
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FIG. 4. Selective reduction in the abundance of HIV-1 tat mRNA marks the beginning of virus dormancy in MDM during long-term HIV-1 
infection. MDM were infected with Ba-L after 5 days in culture, and samples for RNA and virus production were taken approximately weekly for 
5 to 6 weeks. (A) Virus production was assessed by determining the virion-associated RT activity in culture supernatants. (B) Northern blot analysis 
of total RNA from a representative culture. Purified mRNAs from the same culture as in panel A were first standardized with 0-actin PCR (D), 
and then equivalent amounts were amplified with primers Odp45 and Odp32 for multiply spliced viral transcripts (C, left side). A similar analysis 
was performed with MDM infected with NL(AD8) (C, right side). M, molecular size markers (kilobases or base pairs). Results similar to those 
shown were found for 10 donor MDM populations infected with Ba-L and several others with NL(AD8) and 676 (not shown). 



exposure for Fig. 3B than for Fig. 3 A) reflects the requirement 
for Rev prior to the cellular accumulation of the 4.0-kb 
mRNAs that contain the Rev-responsive element. 

Marked alteration of HIV-1 RNA profile as MDM enter a 
nonproductive phase during long-term infection. We next ex- 
amined viral RNA processing in MDM that were maintained 
in culture for 6 weeks following infection (Fig. 4). We sought to 
determine whether the diminished production of HIV-1 in 
MDM after a peak of infection at around 3 weeks was due to 
an alteration in the profile of spliced viral mRNA. MDM 
cultures infected with Ba-L produced little or no detectable 
virus in the supernatant after 28 days (Fig. 4 A) and very little 
viral RNA as determined by Northern blotting of total cellular 
RNA (Fig. 4B). Reverse transcription-PCR analysis of the 
spliced HIV-1 RNA showed that the peak of RT activity co- 
incided with, or slightly followed, the peak in abundance of 
viral RNA occurring between days 14 and 21 (Fig. 4A and C). 



It was not until after the peak of productive infection that any 
variation in the RNA profile was observed. We found a signif- 
icant decrease in the relative proportion of tor- specific mRNA 
at times later than 21 days, compared to that of all other 
alternatively spliced mRNA. 

The most striking change in RNA processing during long- 
term infection of MDM was the dramatic decrease observed in 
the relative accumulation of tat-1. The tat-1 mRNA was one of 
the most abundant mRNA species at the peak of infection 
(Fig. 4C, days 14 to 21) but became a very minor species by the 
end of the culture period. The decline in tat-1 was coincident 
with the decrease in productive infection in MDM cultures and 
was in marked contrast to the continued abundance of the 
other major species, nef-1, nef-2, rev-1, and rev-2. The decline 
in each of the tat mRNA species indicates a selective decrease 
in the viral RNA spliced at SA3, located at the 5' end of exon 
4. This exon contains the translation initiation site of Tat (Fig. 
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1). The selective decrease in tat mRNA species was observed 
during infection of each of 10 MDM donors with Ba-L and 
several more with NL(AD8) (Fig. 4C) and the primary isolate 
HIV-1 676 (52) (data not shown); however, the relative decrease 
in tat differed between donors, ranging from 60-fold (Fig. 4) to 
10-fold (see Fig. 8). This selective decrease in tat species was 
not observed in lymphocytes in which, after the peak in RNA 
production at 7 to 10 days, all spliced transcripts declined 
proportionally until day 21 (Fig. 4A). As was found in the PBL 
cultures, the three-exon form of nef mRNA (nef-2) was the 
predominant viral mRNA expressed throughout the course of 
infection in MDM, along with the two three-exon forms of rev 
mRNA (rev- 1 and rev-2). The two-exon Nef mRNA (nef-1) was 
not as prevalent as previously reported (45). 

Altered proportions of spliced viral mRNA in long-term- 
infected MDM is not dependent on the age of the cells. The 
marked specific reduction in Tat-encoding mRNAs during 
long-term infection in MDM could conceivably be due to 
changes induced in the cells by long-term culture. To deter- 
mine whether this is the case or whether it arises as a conse- 
quence of infection, MDM from the same donor were infected 
with Ba-L at approximately weekly intervals over a 4-week 
period following isolation of the cells from blood. Samples 
were then taken weekly for 5 weeks and analyzed for virion- 
associated RT production and viral mRNA expression as 
above. 

While MDM maintained in culture for a month were still 
permissive to infection with HIV-1, the amount of virus pro- 
duced at peak infection was smaller and the kinetics of repli- 
cation were more delayed with increasing time in culture be- 
fore infection (Fig. 5 A). When mRNA expression of the major 
1.8-kb viral mRNA species over the course of infection was 
compared between the cells infected at different times after 
isolation, only the tat mRNAs again showed a pattern that 
correlated with virus production from the cells, i.e., an initial 
increase followed by a dramatic decline approximately 1 week 
before virus production waned. The tat species (tat-1, -2, and 
-3) again decreased markedly over the final 2 weeks of culture 
relative to their peak expression level around 3 weeks after 
infection in this donor, irrespective of when the cells were 
infected (Fig. 5B). In contrast, the rev and nef mRNAs re- 
mained at similar relative proportions throughout the course 
of infection. The patterns of viral mRNA expression were 
remarkably similar regardless of how long after isolation the 
cells were infected, with only the overall abundance somewhat 
reduced with increasing time in culture before infection (not 
shown), correlating with virus production from the cells (Fig. 
5A). 

Declining tat mRNA abundance results in dramatically 
lower Tat protein activity in long-term-infected MDM. To 

determine if the observed decrease in tat mRNA expression 
after peak virus production in MDM resulted in a correspond- 
ing decrease in the level of Tat activity in these cells, mono- 
cytes from three different donors were cultured in 96-well 
plates and infected 5 to 7 days after isolation. Triplicate wells 
were then superinfected with recombinant adenovirus vectors 
containing the firefly lucif erase gene under the control of ei- 
ther the wild-type HIV-1 LTR (Ad-HIVluc) or an LTR with 
TAR deleted (Ad-HIVATARluc) (5) at twice-weekly intervals 
for 6 weeks. This system is highly responsive to Tat and allows 
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FIG. 5. HIV-1 mRNA profile during long-term infection of MDM 
is the same irrespective of the time in culture before infection. MDM 
from a single donor were infected with Ba-L at weekly intervals over 4 
weeks, and then samples were taken weekly for a further 5 weeks after 
infection for analysis of virus production and mRNA abundance. 
(A) Kinetics of virus production as assessed by RT activity of culture 
supernatants from MDM infected 1 and 4 weeks after isolation, re- 
spectively, are shown. (B) Relative proportions of tat-l, rev-l y and nef-1 
over time in cells infected 1 and 4 weeks after isolation. Expression of 
particular viral mRNA species in the same cells from which virus 
production was measured as shown in panel A were determined as a 
proportion of the total 1.8-kb mRNA by phosphorimaging analysis, 
and then this proportion was related to that present at peak expression 
at 21 days postinfection, wk, week. 



one to determine Tat-specific HIV-1 LTR-mediated gene ex- 
pression, which increases linearly with increasing levels of 
HIV-1 infection in a wide variety of cell types (5). In addition, 
the Ad-HIVATARluc recombinant virus controls for any ef- 
fects of adenovirus superinfection that are not due to Tat 
Forty-eight hours after addition of the recombinant adenovi- 
ruses, the cells were lysed and luciferase activity in the lysates 
was measured. Luciferase activity in HIV-infected MDM su- 
perinfected with Ad-HIVluc, a specific measure of Tat-depen- 
dent transactivation of the HIV-1 LTR (19), was very high, 
peaked 1 to 2 weeks after HIV infection (donor variable), and 
then declined dramatically over subsequent weeks to near 
background levels by 2 to 3 weeks (Fig. 6A). Virus production 
from the MDM cultures showed a pattern similar to that of Tat 
activity, except for the expected delay between peak Tat activ- 
ity and maximal virus production (Fig. 6B). This delay was 
between 2 and 7 days, depending on the donor culture. In 
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FIG. 6. Tat activity declines rapidly to near background levels dur- 
ing persistent HIV-1 infection in MDM. Tat activity during long-term 
HIV-1 infection of MDM was determined by superinfection with re- 
combinant adenoviruses containing the wild-type HIV-1 LTR or the 
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control; PC, PCR control. The examples shown are representative of 
the results obtained with samples from three donors. 



contrast, the luciferase activity within the lysates from MDM 
infected with Ad-HIVATARluc, which indicates the level of 
Tat-independent LTR-driven transcription in the cells, re- 
mained relatively constant throughout the course of the infec- 
tion (Fig. 6A). This was not due to a lower superinfection 
efficiency of the Ad-HIVATARluc compared to Ad-HIVluc 
virus, however, as the luciferase gene levels determined by 
PCR in the MDM lysates remained similar throughout (Fig. 
6C). Replicate wells of HIV-infected MDM superinfected with 
either of the recombinant adenoviruses, or to which adenovirus 
was not added, produced essentially identical HIV growth 
curves (Fig. 6B). 

Tat activity in infected PBMC cultures from three donors 
also increased over the first week of infection and then de- 
clined gradually over the next week as the cells became less 
viable and cell numbers decreased because of cytopathicity 
(Fig. 7A). This was mirrored by the RT activity in the culture 
supernatant (Fig. 7B), with Tat activity again preceding virus 
production by several days. Despite higher levels of HIV-1 
replication in PBMC cultures (Fig. 6B and 7B), the peak lu- 
ciferase activity in these cells was more than 1,000-fold lower 
than that found in MDM cultures (Fig. 6A and 7A), most likely 
because of the low expression level of the adenovirus receptor 
on lymphocytes (36). 

Exogenous Tat rescues virus production from long-term- 
infected MDM. Given the low levels of tat mRNA and Tat 
protein activity in MDM from about 3 to 4 weeks after HIV 
infection, the decline in productive infection in these cells 
might result from suboptimal levels of Tat protein. When Tat 
protein was added to an MDM culture 2 to 3 weeks after the 
peak in virus expression at a concentration shown previously to 
induce HIV-1 production from the latently infected promono- 
cytic cell line Ul (17), a spike in supernatant RT activity 
was found (Fig. 8A). RT activity in the culture supernatant 
began to rise 3 days after Tat addition, peaked at 10 days, and 
then began to decline again by 14 days (Fig. 8A). In the ab- 
sence of exogenous Tat, RT activity declined from low to 
undetectable levels over the same 2-week period. This reacti- 
vation of virus production is likely to be in response to the 
provision of Tat to cells shown above to have very low Tat 
activity (Fig. 6A) and not result solely from any lipopolysac- 
charide (LPS) contaminating the protein preparation since we 
were unable to induce virus replication from long-term-in- 
fected macrophage cultures with LPS treatment (1 ng/ml), 
despite several attempts (unpublished data). Analysis of 1.8-kb 
mRNA within MDM again showed a decreased abundance of 
tat mRNA after the peak of infection. Following the addition 
of Tat protein, there was no change in the RNA profile from 
that found in control cells without exogenous Tat (Fig. 8B). 
Significantly, the levels of the tat mRNA species remained 
consistently low. 

As found previously with the latently infected Ul and ACH2 
cell lines (8, 22, 23), a similar but lower burst of virus produc- 
tion was induced by the addition of PMA or TNF-a to long- 
term-infected MDM (Fig. 8A). Activation by these factors 
occurs, at least in part, through translocation of the transcrip- 
tion factor NF-kB to the nucleus (27) and is independent of 
Tat. 
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DISCUSSION 

The genome length mRNA of HIV-1 contains many fea- 
tures, such as multiple alternative splice sites and exonic splice 
enhancers and ESS, that could modulate RNA splicing to 
change the outcome of viral infection. In this study, we exam- 
ined the complex splicing profile of HIV-1 mRNA during in- 
fection of primary cells of the lymphocyte and macrophage 
lineages from the first hours of infection through to late times, 
when virus production wanes. Unlike earlier studies of the 
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kinetic accumulation of HIV-1 mRNAs (31, 32, 45), the re- 
verse transcription-PCR method that we used could accurately 
measure the relative proportion of each of the alternative 
mRNA isoforms. 

We found that HIV-1 1.8-kb mRNA accumulated 12 h ear- 
lier in lymphocytes than in MDM. This comparative delay in 
MDM agrees with the 12-h delay observed in one study of 
U937 cells (39) but not the 4-h delay reported in another study 
(32). It also agrees with our previous work in which we found 
that in fully susceptible MDM, compared to freshly isolated 
monocytes that are resistant to infection, reverse transcription 
and integration are detectable by 12 and 24 h postinfection, 
respectively (52). We determined that a fixed relative propor- 
tion of each of the 1.8-kb mRNAs appears simultaneously in 
MDM. Other studies that employed specific probes (32, 45) 
concluded that the nef mRNAs were the first expressed during 
infection; however, our results show that this interpretation 
stems from the relatively larger proportion of nef mRNA than 
the rev and tat RNAs. Primary lymphocytes and MDM pro- 
duced the same array of spliced mRNAs; however, MDM had 
a lower relative abundance of the minor tat, rev, and nef iso- 
forms that include noncoding exon 2 and/or 3. The most highly 
spliced Jie/mRNA, nef-1, was detected with lower abundance 
during infection of MDM than during infection of PBL and 
was not readily detected until late time points in a spreading 
infection of MDM. The requirement for Rev protein explains 
the delay in accumulation of the 4.0-kb series of HIV-1 mRNA 
compared to the 1.8-kb mRNAs (16, 20, 29, 34); however, a 
greater delay was evident in MDM than in PBL. 

While there were the above-described relatively minor dif- 
ferences between lymphocytes and MDM during the first few 
weeks of infection, a much more significant difference was 
found in long-term-infected MDM just prior to and following 
the peak of viral infection in the macrophages, namely, a dra- 
matic specific decrease in tat mRNAs greater than that found 
for any of the other spliced mRNAs. This specific decrease in 
tat was never observed in lymphocytes and was found to occur 
in macrophages as a consequence of infection rather than cell 
differentiation or maturation in culture. MDM are predomi- 
nantly nondividing, and their expression of cellular mRNA, as 
indicated by the expression of the housekeeping gene p-actin, 
varies little, even over 8 weeks or more in culture, regardless of 
the HIV-1 status of the cells. Therefore, this specific decrease 
in tat mRNA was not due to a decline in cell numbers or 
viability but appears to coincide with the entry of MDM into a 
state of chronic or persistent infection with minimal virus pro- 
duction (at least at the level of sensitivity of a micro-RT assay). 
These persistently infected, long-term-cultured macrophages 
were still capable of producing virus, however, since addition 
of Tat protein was able to increase virus production from cells, 
reinforcing the potentially important role of low Tat levels in 
the long-term, nonproductive HIV-1 infection of MDM. Re- 
activation of virus production by Tat was achieved without 
altering the profile of viral RNA splicing from that seen at the 
time of Tat addition. This suggests that diminished splicing or 
stability of ^/-specific mRNAs during long-term infection of 
MDM results in insufficient levels of Tat protein for efficient 
virion production, which is supported by the rapid decrease in 
Tat activity in these cells, determined with adenovirus vectors, 
after the first week or two of infection to near background 



levels in MDM infected for a month or more. As expected, this 
rapid decrease was not found in infected lymphocyte cultures 
that continue to produce virus while the cells remain viable. 

Several groups examining the chronically infected cell lines 
Ul and ACH2, which have been used extensively as models of 
HIV-1 latency (22, 23, 37, 43), have shown that mutations 
within tat and TAR, respectively, are responsible for the dor- 
mant infections seen within these cells (8, 17, 18). Analysis of 
tat cDNAs from Ul cells showed two distinct forms of mutated 
tat, each represented in one of two integrated DNA copies. 
One tat cDNA was shown to lack an AUG initiation codon, 
while the other had a point mutation (H13L) that caused a 
severe reduction in transcriptional elongation in Tat reporter 
assays (18). In a fashion analogous to this report of long-term- 
infected macrophages, the addition of Tat protein to the cul- 
ture medium led to activation of HIV-1 production from Ul 
cells (8). In contrast, in the ACH-2 cell line, normal activity 
was not rescued by addition of Tat protein to the culture 
medium (8), showing that the point mutation in TAR in these 
cells was sufficient to explain their transcriptional dormancy 
(18). 

CEM T cells chronically infected with HIV-1 gradually be- 
come latently infected over a 4- to 6-week period. The viral 
genes influencing the rate of shutdown in these cells were 
mapped, and the 3' region of the LTR was found to be the 
major determinant and the tat/rev/vpu region was found to 
contribute to a lesser extent (50). Since one of the five possible 
mutations in the LTR affecting HIV shutdown was in TAR, 
these findings also suggest that disruption of the Tat-TAR 
transcriptional axis can induce and maintain viral latency. In 
MDM, mutations in TAR would not explain our findings since 
the cultures remain responsive to exogenous Tat. 

The diminished accumulation of Tat in long-term-infected 
MDM may result from altered RNA splicing, possibly induced 
by changes in cellular proteins that bind to the known ESS 
elements in the tat gene. Such events could reduce the expres- 
sion of Tat sufficiently to severely disrupt Tat-TAR transcrip- 
tion and shut off virion production. The tat gene contains three 
ESS elements (ESS2, ESS2p, and ESS3) (2, 30, 57) that require 
the binding of hnRNPs of the A, B, or H group for their 
function of inhibiting splicing at adjacent upstream splice sites 
(9, 14, 30). These cellular factors and their role in HIV-1 
splicing regulation have mostly been identified with HeLa cells. 
In addition, members of the serine/arginine-rich family of 
splicing factors have also been implicated in splicing regula- 
tion, usually by increasing splicing via exonic splice enhancer 
elements (59). Differential antagonism between these positive 
and negative regulators helps determine alternative exon usage 
(63). Although it is likely that such an interplay of these factors 
is also involved in alternative splicing regulation in macro- 
phages, there is no direct evidence of this, nor whether this 
balance moves toward suppression of splicing during persistent 
infection in these long-lived cells. 

The observed decline in tat mRNA and, subsequently, Tat 
activity to suboptimal levels for efficient virus production in 
macrophages could also be explained by the differential stabil- 
ity of tat mRNA relative to that of other HIV-1 transcripts 
during long-term infection of these cells. Various cellular 
genes are known to be regulated by controlling the rate at 
which their mRNAs decay, providing the cell with flexibility for 
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rapid changes in their expression. Several cytokine-, growth 
factor-, and proto-oncogene-encoding mRNAs, such as gran- 
ulocyte-macrophage colony-stimulating factor, TNF-a, gamma 
interferon, interleukin-2, c-fos, c-myc, and c-jun, are regulated 
by differential RNA stability (reviewed in reference 61), while 
several viruses, such as herpesviruses and hepatitis C virus, also 
use this strategy to control the levels and kinetics of viral and 
cellular gene expression (21, 56). Whether this is a mechanism 
used by HIV-1 to regulate its replication in macrophages is not 
known. 

Whatever mechanism is responsible for viral shutoff in mac- 
rophages, it appears to be induced in response to infection 
rather than as a consequence of differentiation or maturation 
of the cells per se. Irrespective of whether MDM are infected 
with HIV-1 after a week or so in culture, as is the common 
practice with this culture system, or maintained for a month or 
more before they are infected, the same pattern of tat mRNA 
decline several weeks after infection is seen. This might suggest 
that accumulation in these cells of a particular viral protein or 
proteins, perhaps Tat itself, leads to cellular changes that affect 
either the splicing regulation of tat mRNA or its relative sta- 
bility. The resultant chronically, but nonproductively, infected 
macrophage may well be significant as a viral reservoir and an 
important means by which the virus can persist in the body. 

Although we have been able to show that HIV-1 persists in 
peripheral blood monocytes in vivo (54), evidence of this pat- 
tern of chronic infection in monocytes or macrophages from 
tissue sites of HIV-infected individuals is lacking, most prob- 
ably because of the difficulty in obtaining sufficient infected 
cells for such an analysis. We and others have, however, shown 
that low-level replication does continue in monocytes despite 
years of effective antiretroviral therapy (54, 64) and have spec- 
ulated that this reflects continued local replication of HIV-1 in 
the tissue macrophage reservoir (12, 51), which is generally 
considered to be an important source from which virus can 
rapidly rebound (3, 10, 35). Our demonstration of this pattern 
of infection in the most commonly used in vitro model of 
HIV-1 infection in macrophages suggests that regulation of 
viral mRNA processing may prove to be an important mech- 
anism by which macrophages become long-lived reservoirs of 
HIV-1, where dormant or low-level expression of virus assists 
in the evasion of immune clearance. 

Determination of the mechanism of HIV-1 mRNA regula- 
tion in macrophages, whether it involves altered splicing or 
differential stability or another mechanism, may uncover novel 
therapeutic targets that can be used against these critical cells. 
Currently available drugs are, at best, poorly efficacious against 
chronically infected cells, and alternative treatments and ap- 
proaches are required that will be active against all reservoirs 
of HIV-1, will restrict viral replication in and transmission 
from these cells, and will lead eventually to their elimination 
from the body. In the shorter term, the ability to control rep- 
lication in macrophages should greatly assist with the problem 
of rapid rebound after cessation or interruption of even the 
best currently available regimens. 
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ABSTRACT The development of methods for efficient 
gene transfer to terminally differentiated retinal cells is 
important to study the function of the retina as well as for gene 
therapy of retinal diseases. We have developed a lentiviral 
vector system based on the HIV that can transduce terminally 
differentiated neurons of the brain in vivo. In this study, we 
have evaluated the ability of HIV vectors to transfer genes into 
retinal cells. An HIV vector containing a gene encoding the 
green fluorescent protein (GFP) was injected into the sub- 
retinal space of rat eyes. The GFP gene under the control of 
the cytomegalovirus promoter was efficiently expressed in 
both photoreceptor cells and retinal pigment epithelium. 
However, the use of the rhodopsin promoter resulted in 
expression predominantly in photoreceptor cells. Most suc- 
cessfully transduced eyes showed that photoreceptor cells in 
>80% of the area of whole retina expressed the GFP. The GFP 
expression persisted for at least 12 weeks with no apparent 
decrease. The efficient gene transfer into photoreceptor cells 
by HIV vectors will be useful for gene therapy of retinal 
diseases such as retinitis pigmentosa. 



Inherited retinal degenerations define a genetically and clin- 
ically heterogeneous group of eye diseases. Retinitis pigmen- 
tosa is the most common form of retinal degeneration, affect- 
ing ^1 in 3,500 people. Symptoms include progressive loss of 
visual field, night blindness, and the deposition of pigment in 
the retina. Although increasing numbers of genes responsible 
for retinal degenerative diseases have recently been identified, 
the underlying mechanism of retinal degeneration is not well 
understood and there are no adequate therapies for these 
diseases at present. Therefore, an efficient method of gene 
transfer into the retina provides a useful tool for both the 
investigation and treatment of retinal degeneration. 

Many techniques have been tested for in vivo gene transfer 
into the retina. Nonviral methods, such as liposomes, are 
inefficient and only achieve transient expression of the trans- 
gene (1,2). The majority of cells in the mature retina, including 
photoreceptor cells, are terminally differentiated and are 
incapable of proliferation. In this regard, vectors derived from 
retroviruses such as Moloney murine leukemia virus (MLV) 
are not useful because they require proliferation of the target 
cells for integration and stable expression. Consequently, the 
use of retroviral vectors are limited to ex vivo gene transfer (3, 
4). Several other viral vectors, including herpes simplex virus, 
adenovirus and adeno-associated virus vectors, have been 
developed for gene delivery to nondividing cells such as 
neurons. However, transduction of photoreceptor cells or 
other neuronal retinal cells by means of these viral vectors has 
been inefficient, and sustained long-term expression has not 
been observed (5-12). Recently, Flannery et al (13) have 
reported that the use of a rhodopsin promoter in adeno- 
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associated virus vectors allowed efficient photoreceptor- 
targeted gene expression. Successful gene transfer to photo- 
receptor cells is important for gene therapy of retinal degen- 
erative diseases, because degeneration primarily affects 
photoreceptor cells and most of the identified genes causing 
retinal degeneration are expressed specifically in photorecep- 
tor cells (14). 

We have described previously (15) a lentiviral vector system 
based on the HIV that can transduce nondividing cells in vitro 
and in vivo. Subsequently, we have shown efficient gene 
transfer and sustained long-term expression of the transgene 
in terminally differentiated neurons of the adult rat brain with 
HIV vectors (16, 17). In the present study, we have evaluated 
the ability of an HIV vector, which contains the green fluo- 
rescent protein (GFP) reporter gene under the control of the 
cytomegalovirus (CMV) promoter, to transduce retinal cells of 
rats. In addition, an HIV vector with the rhodopsin promoter 
was designed to direct photoreceptor-specific expression of the 
reporter gene. We report here efficient transduction of retinal 
cells using HIV vectors. 

MATERIALS AND METHODS 

Plasmid Constructs and Preparation of Viral Vectors. 
pEGFP-Cl B/S was constructed by inserting a 13-bp Spel 
linker at the Bglll site of pEGFP-Cl (Clontech) to introduce 
two in-frame stop codons just upstream of Xhol site. A 
humanized, red-shifted GFP gene fragment, driven by the 
CMV promoter, was obtained from pEGFP-Cl B/S by digest- 
ing with Asel, blunt-ending with the Klenow fragment of DNA 
polymerase I, and digesting with Xhol. This fragment was 
subcloned into the EcoRV and Xhol sites of pBluescript KS(+) 
(Stratagene), resulting in pKS-CMV-GFP. The HIV vector 
with the CMV promoter, pHR'-CMV-GFP, was constructed 
by inserting the 1,340-bp BamHl-Xhol fragment containing 
the CMV promoter and the GFP gene from pKS-CMV-GFP 
into the same sites of pHR' vector (15). The HIV vector with 
the rhodopsin promoter, pHR'-Rho-GFP, was constructed by 
replacing the CMV promoter fragment in pHR'-CMV-GFP 
with the bovine rhodopsin promoter fragment from -2174 
rhodopsin-ZacZ fusion construct (a kind gift from D. J. Zack, 
ref. 18). The HIV-based vectors were generated as described 
(16). The MLV-based vector, pCLNCG, was derived from a 
pCL vector (19) and contains the same CMV-GFP gene 
expression cassette as pHR' -CMV-GFP and additionally the 
neomycin resistance gene. Cloning details are available upon 
request. The MLV-based vector was generated by the same 
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procedure as the HIV-based vectors except using 293 gp/bsr 
cells, that stably express MLV gag and pol under the control of 
the CMV promoter. The titer of pHR'-CMV-GFP and 
pCLNCG vectors was determined by infection of 208F rat 
fibroblasts, seeded in six-well plates at 1 x 10 5 cells per well the 
day before infection, with serial dilutions of concentrated 
vector stocks in the presence of 8 jig/ml of Polybrene (Al- 
drich). After overnight incubation, cell culture medium was 
changed and the cells further incubated for 2 days, and the 
number of GFP-positive cells was scored by fluorescence 
microscopy and/or fluorescence-activated cell sorting analysis 
to quantify the titer. After concentration by ultracentrifuga- 
tion, titers of 3-5 X 10 8 infectious units/ml on 208F cells were 
usually obtained. The titer of pHR'-Rho-GFP vector was 
normalized for HIV-1 p24 antigen level, that was determined 
by ELISA (DuPont). 

In Vivo Delivery of Vectors. Adult Fischer 344 rats (age 4 
weeks) or pups (age 2 to 5 days) were anesthetized by i.p. 
injection of ketamin/acepromazine/xylazine or chilling on ice 
for 5 min, respectively. For pups, the eyeball was exposed by 
an incision in the eyelid, parallel to the future edge of the open 
eyelid. Subretinal injections were performed under an oper- 
ating microscope. A small incision was made in sclera, and 
0.5-1.5 y\ of vector suspension («5 X 10 5 infectious units) was 
injected through the incision into the subretinal space using a 
glass capillary connected with a 5-^xl syringe (Hamilton). For 
adult rats, a total of eight eyes were injected with the pHR'- 
CMV-GFP vector, eight with the pHR'-Rho-GFP vector, 10 
with the pCLNCG vector, and 10 with saline. For pups, a total 
of 44 eyes were injected with the pHR'-CMV-GFP, 24 with the 
pHR'-Rho-GFP, and 44 with the pCLNCG. 

Detection of GFP Expression. Rats were transcardially 
perfused with 4% paraformaldehyde in 0.1 M phosphate 
buffer at 2, 6, or 12 weeks after injection. Eyes were enucleated 
and fixed in 4% paraformaldehyde in 0.1 M phosphate buffer 
for 6-8 h at 4°C followed by cryoprotection by soaking in 30% 



sucrose at 4°C overnight. Eyes were frozen in O.C.T. com- 
pound (Tissue-Tek) on dry ice and 20-/xm-thick cryostat 
sections were cut parallel to the vertical meridian of the eye. 
GFP expression were analyzed by confocal laser scanning 
microscopy (Bio-Rad). The images were generated electron- 
ically with Adobe Photoshop. Fluorescent signals were col- 
lected under the same conditions and no modification on 
intensity was made, so that fluorescent intensity of each section 
can be compared. Cell nuclei were counterstained with 4 ',6' 
diamino-2-phenylindole and observed with a UV filter. The 
same fields were examined with X40 objective lens equipped 
with grid to determine the number of GFP-positive cells and 
the total number of photoreceptor cells. At least 2,000 cells in 
four separate fields of the most efficiently transduced eye in 
each group were scored. 

RESULTS 

To study gene transfer and expression in vivo, we used a 
humanized, red-shifted GFP gene as a reporter under the 
control of the CMV promoter or the rhodopsin promoter in an 
HIV-based vector system (15). Since the virus particles are 
pseudotyped with the vesicular stomatitis virus G glycoprotein, 
the vector can be concentrated to high titer and transduce a 
broad range of tissues. The titer of HIV vector with the CMV 
promoter was determined by infecting dividing 208F rat fibro- 
blast cells. However, the titer of HIV vector with the rhodopsin 
promoter was difficult to determine, because rhodopsin pro- 
moter activity is extremely low in established nonretinal cell 
lines and even in Y79 retinoblastoma cells. Therefore, equal 
amounts of recombinant viruses normalized for HIV-1 p24 
antigen level were used. For comparison, vesicular stomatitis 
virus G glycoprotein pseudotyped MLV-based vector with the 
CMV promoter, matched for transducing activity on 208F 
cells, was used. Approximately 5 X 10 5 infectious units of 
vector suspension were injected into the subretinal space of 
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Fig. 1. Schematic diagram of the eye and retina. The site of subretinal injection is indicated. ONL, outer nuclear layer; OPL, outer plexiform 
layer; INL, inner nuclear layer; I PL, inner plexiform layer; GCL, ganglion cell layer; NFL, nerve fiber layer. 
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both eyes of 2- to 5-day-old pups or 4-week-old adult rats (Fig. 
1). At serial time points 2 to 12 weeks postvector delivery, rats 
were sacrificed and eye tissue was cryosectioned and analyzed 
for GFP expression by fluorescence microscopy. 

Fig. 2 shows retinal sections from pups 2 and 12 weeks 
postinjection. In eyes injected with the HIV vector with the 
CMV promoter, the GFP gene was intensely expressed in a 
very high proportion of RPE cells as well as in a large number 
of photoreceptor cells (Fig. 2 a and d). In addition, a few 
GFP-positive cells were unambiguously identified as bipolar 
cells (see arrowhead in Fig. 2d) on the basis of morphological 
characteristics, and no positive cells were seen in other types 
of retinal cells. No green fluorescence was detected in the eyes 
of control animals that received only saline (data not shown). 
In contrast, the MLV vector with the CMV promoter trans- 
duced RPE and photoreceptor cells inefficiently (Fig. 2 c and 
/). Additionally, small numbers of positive cells were found in 
the neural retina, including bipolar cells and mostly Muller 
cells (see Fig. 2c), around the injection site. For the MLV 
vector, the intensity of the green fluorescence in photorecep- 
tor cells was much less than that transduced with HIV vectors. 
Injection of the HIV vector with the rhodopsin promoter 
resulted in GFP expression only in photoreceptor cells (Fig. 2 
b and e). Note that unlike the expression in nonretinal cells in 
vitro, GFP expression with the rhodopsin promoter in photo- 
receptor cells was more efficient than that with the CMV 
promoter. Although the number of GFP-positive cells varied 
highly in each eye and even in the different sections from the 
same eye, most successfully transduced eyes showed that 
photoreceptor cells in >80% of the whole area of the retina 
viewed through multiple sections expressed GFP (representa- 
tive example is shown in Fig. 3). The pattern and the total 
number of GFP-positive cells did not change appreciably for at 
least 12 weeks after injection of HIV vectors or MLV vector 
(Fig. 2 a-f). Several inflammatory cells such as macrophages 
were observed in the eyes surrounding the injection site at 2 
weeks after injection of vectors. This inflammation was likely 
due to the surgical damage during injection, because a similar 

HIV-CMV 



Fig. 3. Extent of GFP expression in the retina. Transverse section 
of the pup eye 2 weeks after injection of the HIV vector with the 
rhodopsin promoter. Note that photoreceptor cells in whole area of 
retinal section express GFP. Original magnification, X40. (Inset) 
Higher magnification of the area indicated by □. 

phenomenon was observed in control animals that had saline 
injections (data not shown). No inflammation was observed at 
6 and 12 weeks postinjection. To compare the transduction 
efficiency of photoreceptor cells, sections of eyes were stained 
with 4',6' diamino-2-phenylindole and were then examined by 
fluorescence microscopy to determine the percentage of GFP- 
positive photoreceptor cells (Fig. 4). The difference between 
HIV and MLV vectors with the CMV promoter is greater than 
5 -fold («*16% vs. 3% for HIV and MLV vectors, respectively). 
The HIV vector with the rhodopsin promoter transduced 
about 2.5 times more photoreceptor cells than the HIV vector 
with the CMV promoter. The increased efficiency may be due 
to high levels of expression of the transgene driven by the 
photoreceptor-specific rhodopsin promoter, because equal 
amounts of HIV vectors were injected per eye. 

We next evaluated the ability of HIV vectors to transduce 
cells in the adult rat eye. Fig. 5 shows that the pattern of GFP 

MLV-CMV 



HIV-Rho 



ONL * : \ 




a 



RPE 

• " ■ « •* - A 1 


. f.l ' >*/: 
■ '. , *■ 










$t ■ v 


b 





- 





RPE 


1 


ONL 


i 

i 


INL 






c 







INL 



RPE 



RPE** ^ 



ONL 



d 



e 



Fig. 2. Expression of GFP in the retina of rat pups 2 and 12 weeks after injection, (a and d) HIV vector with the CMV promoter. Arrowhead 
in d indicates GFP-positive bipolar cell. (Inset) Higher magnification of GFP-positive bipolar cell, (b and e) HIV vector with the rhodopsin promoter. 
Note that only photoreceptor cells are GFP positive. (Inset) Higher magnification of GFP-positive photoreceptor cells, (c and/) MLV vector with 
the CMV promoter. Arrowhead in c indicates GFP-positive bipolar cell. Arrow in c indicates GFP-positive Muller cell. (Inset) Higher magnification 
of GFP-positive bipolar cell. Original magnification, X400. Bars = 50 fim. 
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Fig. 4. Proportion of GFP-positive photoreceptor cells in the outer 
nuclear layer 2 weeks after injection into the eyes of pups. HIV-Rho, 
HIV vector with the rhodopsin promoter; HIV-CMV, HIV vector with 
the CMV promoter; MLV-CMV, MLV vector with the CMV pro- 
moter. At least 2,000 cells in 4 separate fields of the most efficiently 
transduced eye in each group were scored. Data represent means ± 
SD. P values are calculated by Student's t test P = 0.0180, HIV-Rho 
vs. HIV-CMV. P = 0.0008, HIV-Rho versus MLV-CMV. P = 0.0141, 
HIV-CMV vs. MLV-CMV. 

expression in adult rat eyes injected with HI V vectors is similar 
to that of pups but the transduction efficiency is decreased. 
With the CMV promoter, the distribution of GFP-positive cells 
in RPE was more restricted than that in pups, and only 
photoreceptor cells around the injection site expressed GFP 
(Fig. 5 a and d). With the rhodopsin promotor, GFP-positive 



cells were also seen only in the outer nuclear layer, where 
photoreceptors are located, surrounding the injection site (Fig. 
5 b and e). There were no significant differences in the pattern 
and the percentage of GFP-positive cells between 2 and 12 
weeks postinjection of HIV vectors. In contrast, the MLV 
vector transduced only a few RPE cells, and no GFP-positive 
cells were found in the neural retina, presumably because the 
majority of the retinal cells are terminally differentiated in 
adult eyes (Fig. 5c). Little or no expression of GFP was 
detected at 12 weeks postinjection (Fig. 5/). 

DISCUSSION 

The present study demonstrates that HIV-based vectors can 
efficiently transfer and express a transgene in retinal cells, 
especially in RPE and photoreceptor cells. In adult rats, 
expression of the transgene was restricted around the injection 
site. One possible explanation for this is that the interstitial 
space between photoreceptor cells is more tight in adults than 
in pups, and HIV vector particles may not diffuse into the 
interphoto receptor and subretinal space. To transduce a larger 
number of retinal cells in the adult, multiple subretinal injec- 
tions are needed. An alternative way of delivery is intravitreous 
injection with high numbers of vector particles. 

Expression of the transgene persisted for at least 12 weeks 
with no apparent decrease. Since outer segments of photore- 
ceptor cells continuously turn over by phagocytosis of RPE 
cells, long-term expression of the transgene in photoreceptor 
cells is presumably due to stable integration of the transgene 
into the genome of cells with self-renewing properties. This 
idea is supported by our previous study (16) using an HIV 
vector with mutant integrase, in which we found that expres- 
sion of the transgene in rat brain depends on its ability to 
integrate. Recently, we have also demonstrated long-term 
expression of the transgene in liver and muscle using HIV 
vectors (T. Kafri, U. Blomer, F.H.G., and I.M.V., unpublished 
work). Therefore, long-term expression in the retina as well as 
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Fig. 5. Expression of GFP in the adult retina 2 and 12 weeks after injection, (a and d) HIV vector with the CMV promoter, (b and e) HIV 
vector with the rhodopsin promoter, (c and j) MLV vector with the CMV promoter. Arrows in a and b indicate GFP-positive photoreceptor cells. 
Insets in a and b, higher magnification of GFP-positive photoreceptor cells. Original magnification, X400. Bars = 50 /im. 
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the brain cannot be explained by the relative immune privilege 
in these tissues. 

MLV requires proliferation of target cells for integration 
and expression of the transgene (20). Hence the ability of MLV 
vectors to infect neuronal retinal cells in pups is likely due to 
a small proportion of retinal cells capable of proliferation and 
differentiation at the time of injection. In fact, autoradio- 
graphic studies with 3 H-thymidine have shown that 20-30% of 
retinal cells still proliferate in the early postnatal period (21). 
In addition, lineage analysis using MLV vectors to mark clones 
has shown the existence of proliferating multipotential pro- 
genitor cells in postnatal rodent retina (22). 

Several other virus-based vectors, including those of herpes 
simplex virus, adenovirus and adeno-associated virus, have 
been tested for gene delivery to retinal cells. The transduction 
frequency of these vectors to photoreceptor cells was ex- 
tremely low and expression of transgenes was transient or 
diminished over long terms (5-12). However, these vectors can 
transduce RPE cells with relatively high efficiency (5-9, 11, 
12). Our studies here also show efficient and sustained trans- 
duction in RPE cells with HIV and MLV vectors. RPE cells 
may efficiently take up viral particles by their intrinsic phago- 
cytic activity. 

It was of interest to evaluate the specificity and efficiency of 
transgene expression using a cell-type specific promoter in the 
HIV-based vector delivery system. We chose the rhodopsin 
promoter as a cell-type specific promoter to drive the expres- 
sion of the reporter gene, because rhodopsin is the most 
abundant photoreceptor-specific protein (4 X 10 7 rhodopsins 
per rod) (23). Additionally, it has been shown in transgenic 
mouse experiments that the DNA fragment of the rhodopsin 
promoter we used in this study can direct photoreceptor- 
specific expression (18). The use of a rhodopsin promoter in 
the HIV vector led not only to photoreceptor-specific expres- 
sion but also to higher expression levels than with the CMV 
promoter. Recently, Flannery et al (13) have also reported 
that adeno-associated virus vectors with the rhodopsin pro- 
moter can achieve efficient transduction of photoreceptor 
cells. 

In vivo gene delivery to photoreceptor cells is important for 
gene therapy of inherited retinal degenerative diseases such as. 
retinitis pigmentosa, because most of the identified genes 
responsible for retinal degeneration so far are expressed 
specifically in photoreceptor cells (14). Our results suggest that 
the HIV vector is a promising vehicle for delivering therapeu- 
tic genes to photoreceptor cells. This can be tested in mouse 
models of retinitis pigmentosa, including the spontaneous 
mutants rd and rds (24-26), and mice carrying a targeted 
disruption of the rhodopsin gene or the y subunit of rod cGMP 
phosphodiesterase gene (27, 28). Transgenic experiments in rd 
and rds mice have shown that introduction of wild-type genes, 
the )3 subunit of rod cGMP phosphodiesterase and peripherin 
genes, respectively, can rescue retinal degeneration (29, 30), 
However, it is not yet clear when and how many photoreceptor 
cells have to be rescued from degeneration to maintain 
minimal visual function. Hence, the HIV-based vector delivery 
system offers substantial promise for both the investigation 
and treatment of retinal diseases. 
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We have previously described a series of human immunodeficiency virus type 1 -based vectors in which 
efficient RNA encapsidation appeared to correlate with the presence of a 1.1-kb env gene fragment encom- 
passing the Rev-responsive element (RRE). In this report, we explore in detail the role of the RRE and flanking 
env sequences in vector expression and RNA encapsidation. The analysis of a new series of vectors containing 
deletions within the env fragment failed to identify a discrete packaging signal, although the loss of certain 
sequences reduced packaging efficiency three- to fourfold. Complete removal of the env fragment resulted in a 
100-fold decrease in the vector transduction titer but did not abolish RNA encapsidation. We conclude that the 
RRE and 3' env sequences are not essential for human immunodeficiency virus type 1 vector encapsidation but 
may be important in vectors in which a heterologous gene has been placed adjacent to the 5' packaging signal, 
potentially disrupting its structure. 



Retroviral RNA packaging is a specific process involving 
interactions among cw-acting sequences in the RNA genome 
and viral structural proteins. In human immunodeficiency virus 
type 1 (HIV-1), an important packaging signal has been lo- 
cated in the 5' untranslated region (UTR) downstream of the 
major splice donor, the presence of which is necessary for 
genomic RNA encapsidation (1, 3, 8). Differing conclusions as 
to whether this region is sufficient to direct the encapsidation 
of HIV-l-based vectors containing heterologous genes have 
been reached. Several groups using a transient COS-1 cell 
packaging system have reported the successful encapsidation 
of HIV-l-based vectors which contain only the long terminal 
repeats (LTRs), the 5' UTR, and in some cases part of the gag 
gene (2, 6, 11, 12, 17). Using replication-competent helper 
virus to package HIV-l-based vectors stably expressed in 
CD4 + T-cell lines, we were unable to demonstrate the pack- 
aging of this type of vector, although vectors which contained 
a 1.1-kb env fragment in addition were packaged with high 
efficiency (13). This system has the advantages of simulating 
expression of stably integrated provirus and rigorously exclud- 
ing any possibility of DNA-mediated gene transfer, which is a 
problem associated with the high levels of plasmid DNA 
present in transient transfection systems. In addition, packag- 
ing of retroviral RNA varies significantly among different cell 
lines (unpublished observations). 

To further define the role of the Rev-responsive element 
(RRE) and flanking sequences in vector RNA expression and 
encapsidation, we constructed a series of vectors containing 
deletions in the 3' env sequence and studied the effects of these 
on RNA encapsidation by a wild-type helper virus. All vectors 
were derived from HXBc2, an infectious proviral clone of the 
human T-cell leukemia virus (HTLV) IIIB isolate (4), and 
contain a simian virus 40 origin of replication. Restriction sites, 
where given, refer to positions in the HXBc2 genome (Los 
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Alamos database numbering, in which position 1 is the first 
base of the 5' LTR). The vectors are illustrated in Fig. 1. The 
construction of LRPL has previously been described (13). 
Briefly, it contains a puromycin acetyltransferase gene (puro) 
(10) inserted at a position analogous to that of the we/gene, 
between an introduced Notl site (8740) (20) and an Xhol site 
(8897). The puro gene is expressed from the 5' LTR as a 
spliced transcript. The sequences between Clal (830) and Bg/II 
(7621), encoding gag, pol, and the 5' part of env, have been 
deleted. The second tat and rev exons and the RRE are re- 
tained. A series of deletions based on LRPL were constructed 
as follows. Xbal and Sail sites were introduced at either end of 
the RRE, at positions 7704 and 8063, respectively, by oligonu- 
cleotide-directed mutagenesis (7). The sequences of the mu- 
tagenic oligonucleotides were 5' GGGTGCTACTTCTAGAG 
GTTCAATTTTTAC 3' {Xbal) and 5' CCAGAGATTTATTA 
QTCQACCTAGCATTCC 3' (Sail). The introduction of each 
mutation was confirmed by restriction analysis and DNA se- 
quencing. Deletions spanning the 1.1-kb env gene fragment in 
LRPL were constructed by removing sequences between var- 
ious restriction sites (Fig. 1). Vector plasmids containing the 
puro selectable marker were transfected into the CD4 + T-cell 
line Jurkat-ftzf (14) by electroporation. Stable cell lines were 
selected by the addition of puromycin (0.5 u,g/ml) to the cul- 
ture medium. 

The vector transduction and RNA encapsidation levels of 
the vectors shown in Fig. 1 were determined following infec- 
tion of the vector lines with the HIV-1 isolate HTLV IIIB. The 
progeny virus was harvested 7 days later and filtered through a 
0.45-M-m-pore-size membrane. Vector transduction titers and 
RNA encapsidation levels were determined as follows. For 
vector titration on HeLa T4 cells (9), 100-mm-diameter petri 
dishes seeded with 5 x 10 5 cells were infected with dilutions of 
virus. Puromycin selection (0.75 ^g/ml) was applied 24 h after 
infection. Puromycin-resistant colonies were counted 10 days 
later, after the cells were fixed in 4% formol saline and stained 
with 0.1% toluidine blue. To quantitate the levels of vector 
RNA packaging, the amounts of vector RNA and genomic 
helper virus RNA in virion particles from HTLV IIIB-infected 
vector lines were compared. Virion RNA was extracted and 
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FIG. 1. HIV-1 vectors. All vectors contain the 5' and 3' LTRs, the 5' UTR, 
and the first 43 bp of gag. The stippled boxes show gag sequences. The major 
splice donor (SD) and the tat and rev splice acceptors (SA) are marked. The 
RRE is indicated. Hatched boxes indicate the second exons of tat and rev. 



normalized for reverse transcriptase activity, and duplicate slot 
blots were prepared and hybridized with vector-specific (puro) 
or helper virus-specific (pol) probes as previously described 
(13). Bound probe was measured with an Instant Imager 
(Packard), which measures radioactivity in real time. To over- 
come differences in the lengths and specific activities of the two 
probes, a reference sample in which the stoichiometry of puro- 
to pol- hybridizing sequences is 1:1 was included. The reference 
sample consisted of RNA from a puromycin-resistant HIV-1 
isolate containing the puro gene in place of nef. The vector 
encapsidation level, expressed as a percentage of the wild-type 
helper virus level, was calculated with the following formula: 

PURO cpm of sample PURO cpm of reference 

„ r j £_ ^QQ 

POL cpm of sample POL cpm of reference 

The results are shown in Table 1. All of the vectors were able 
to transduce target cells expressing the CD4 molecule; how- 
ever, the efficiency of LRPLANC was reduced 100-fold. The 
levels of vector RNA encapsidation (Fig. 2 and Table 1) were 
comparable to those of the parental vector, LRPL, with the 
exception of LRPLANC. Possible reasons for the low level of 
LRPLANC encapsidation are discussed below. Vectors based 
on LRPL containing either the introduced Xbal or Sail restric- 
tion site, or both, were able to transduce CD4 + target cells 
with titers comparable to that of the parental vector (data not 
shown). The packaging efficiency of some vectors was reduced 
up to fourfold; however, none of the env sequences deleted 



TABLE 1. Vector transduction titers and encapsidation levels 



Vector 



HeLa T4 
(CFU/ml) a 



Encapsidation 
level 



LRPL 


4.47 x in 3 


6.8 


LRPLAXC 


1.33 X 10 3 


3,1 


LRPLABH 


3.04 X 10 3 


1.8 


LRPLAHS 


1.05 X 10 4 


12.0 


LRPLASX 


1.06 x 10 3 


3.1 


LRPLANB 


3.37 x 10 3 


3.6 


LRPLANC 


1.30 x 10 1 


1.6 



a Normalized for a reverse transcriptase activity of 10 4 cpm/n-l. The results 
shown are means of three or more experiments. 
* Relative to the level of wild-type virus. 
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FIG. 2. Vector RNA encapsidation. Virus produced from HTLV IIIB-in- 
fected vector lines was harvested, and the virion RNA was hybridized with puro 
or pol gene probes. 



from LRPL appeared to be essential for vector RNA encapsi- 
dation. 

While quantitation of vector RNA packaging as described 
above indicates whether the vectors are packageable, such data 
do not provide information regarding the relative packaging 
efficiencies of different RNAs. These were determined by es- 
timating the level of full-length (FL) vector RNA in the cells 
and comparing this with the amount subsequently detected in 
the virions by slot blot analysis. To compare the relative 
amounts of FL vector RNA, Northern (RNA) blots of total 
RNA from HTLV IIIB-infected vector lines were prepared 
and hybridized with a puro gene probe as described previously 
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FIG. 3. Comparison of vector RNA expression levels. Total RNA from 
HTLV IIIB-infected vector lines was hybridized with a puro gene probe (a) or an 
LTR probe (b). Carets indicate the positions of FL vector RNA. The positions 
of 18S and 28S rRNAs are marked. The positions of genomic RNA and env 
mRNA are indicated. 
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TABLE 2. Vector expression and packaging efficiencies 



Vector 


Relative abundance 
of FL vector" 


Encapsidation 
level 6 


Packaging 
efficiency 


HTLV IIIB 


100 


100 


1.0 


LRPL 


59.2 


6.8 


0.12 


LRPLAXC 


41.7 


3.1 


0.07 


LRPLABH 


16.2 


1.8 


0.11 


LRPLAHS 


81.4 


12.0 


0.15 


LRPLASX 


NLT 


3.1 


ND 


LRPLANB 


110 


3.6 


0.03 


LRPLANC 


141 


1.6 


0,01 



° Expressed as a percentage of the amount of FL helper virus RNA in the 
infected vector lines. 

b Expressed as a percentage of the amount of helper virus RNA present in the 
virions. 

c ND, not determined. 



(13) (Fig. 3a). Hybridization with an LTR probe allowed the 
relative levels of vector and HTLV IIIB genomic RNA to be 
directly compared (Fig. 3b). The packaging efficiency of the 
wild-type genome was assigned a value of 1.0, and the pack- 
aging efficiencies of FL vector RNAs were calculated with the 
following formula: 

amount of FL vector packaged amount of FL vector in the cell 

amount of HTLV IIIB genome packaged ' amount of HTLV IIIB genome in the cell 

The results are shown in Table 2. The packaging efficiencies of 
the vectors containing deletions in the 1.1-kb env gene se- 
quence are comparable to that of the parental vector LRPL. 
The variation in the RNA encapsidation levels (shown in Fig. 
2 and Table 1) appears to be due to variations in the level of FL 
vector RNA expressed in the helper virus-infected cells (Fig. 
3). Deletion of the RRE in the vector LRPLASX and other 
vectors lacking the RRE (data not shown) did not result in a 
reduction in vector RNA expression and encapsidation, indi- 
cating that in the absence of ds-repressive sequences (15), the 
RRE is not absolutely required for efficient expression and 
encapsidation of FL vector RNA, although the lack of the 
RRE may have led to increased splicing. The relative abun- 
dance of FL LRPLASX was not determined, as it was not 
possible to distinguish between FL and spliced vector RNAs by 
the method used. The vector in which the entire env gene has 
been deleted, LRPLANC, was transduced at very low levels 
and packaged with 10-fold lower efficiency than that of the 
parent vector, despite the relatively high level of FL vector 
RNA available for packaging. While it is not essential for RNA 
encapsidation, the env fragment does appear to contribute to 
efficient RNA packaging, and part of its effect may be due to 
the sequences acting as a spacer between the heterologous 
gene and the 5' packaging signal. 

The role of the 5' UTR in directing encapsidation of HIV-1 
vectors based on LRPL was examined by a quantitative RNase 
protection assay. Transient cotransfection of COS-1 cells with 
vector and helper virus constructs was used to compare encap- 
sidation of LRPL and a construct lacking the 5' UTR, pSVII- 
lenv3-2. This plasmid has been previously described (18, 19). It 
contains the HIV-1 rev and env genes (nucleotides [nt] 5496 to 
8897) under the control of 5' LTR sequences (nt 288 to 535, 
corresponding to -167 to +80 with respect to the RNA start 
site), and the 3' LTR is replaced by simian virus 40 polyade- 
nylation sequences. A gag-pol-env expressor was used as a 
helper virus for the cotransfection assay. pBCCX-CSF (a kind 
gift from Alan Cann) contains HIV-1 JR-CSF sequences 640 
to 8915 encoding the gag, pol, and env genes; the 5' and 3' 



LTRs have been replaced by human cytomegalovirus immedi- 
ate early promoter and polyadenylation sequences, respec- 
tively. COS-1 cells were transiently transfected with vector and 
helper virus constructs by a DEAE-dextran transfection pro- 
tocol (16). Cells and supernatants were harvested 48 h later. 
Cytoplasmic RNA was prepared by a standard protocol (5). 
For RNA extraction from virions, particles were purified from 
tissue culture supernatant through 20% sucrose cushions as 
previously described (13). Virus particles were lysed in pro- 
teinase K buffer (50 mM Tris-HCl [pH 7.5], 100 mM NaCl, 10 
mM EDTA, 1% sodium dodecyl sulfate, 100 \xg of proteinase 
K per ml, and 100 \xg of tRNA per ml) for 30 min at 37°C. 
After two phenol-chloroform extractions and one chloroform 
extraction, the RNA was precipitated with ethanol and stored 
at -70°C. 

A DNA template, KSIfyCS, containing Seal (313)-to-C/aI 
(830) sequences of HXBc2 inserted into the EcoKV and CM 
sites in the polylinker of Bluescript KSII (Stratagene) was used 
for synthesis of radiolabeled RNA probes. KSIIi|/CS was lin- 
earized with Xbal, and 32 P-labelled antisense riboprobes were 
synthesized with T3 RNA polymerase by using an in vitro 
transcription kit (Promega). Reagents for RNase protection 
assays were obtained from a commercially available kit (Am- 
bion, Austin, Tex.). Cytoplasmic RNA or RNA extracted from 
pelleted particles, normalized for reverse transcriptase activ- 
ity, was analyzed by RNase protection assay according to the 
manufacturer's recommended protocol. For size determina- 
tion, 32 P-labelled RNA markers, synthesized with an RNA 
Century Marker template set (Ambion), were run in parallel. 
The predicted sizes of the protected fragments are shown in 
Fig. 4. 

The results of a typical RNase protection assay are shown in 
Fig. 5. The input probe is of the expected size (Fig. 5, lane 8), 
and no signal is detected with the control tRNA (lane 7). 
Helper virus (pBCCX-CSF) bands are of the predicted sizes 
(Narl-SD, 100 nt, and Narl-gag, 170 nt). A fragment corre- 
sponding to FL LRPL vector RNA (375 nt) was detected in 
cytoplasmic RNA (Fig. 5, lane 2). Spliced RNA (289 nt) and 
RNA corresponding to the 3' LTR (238 nt) were also detected 
(Fig. 5, lane 2). FL vector RNA was detected in particles 
released from cells transfected with LRPL and helper virus 
constructs (Fig. 5, lane 5). The level of FL vector RNA com- 
pared with that of spliced RNA was enriched in the particles by 
comparison with the levels present in the cells, indicating the 
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FIG. 4. Predicted sizes of protected fragments for the RNase protection 
assay, (a) KSIIiJiCS riboprobe is complementary to HIV-1 nt 313 to 830. (b) The 
predicted sizes of protected fragments for vector LRPL. (c) The predicted si2es 
of protected fragments for vector pSVIIIe/iv3*2. 
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FIG. 5. Packaging of RNA into virions released from transfected COS-1 
cells. Shown is an autoradiogram of gel-separated fragments of 32 P-labelled 
riboprobe KSIIiJ/CS resulting from RNase protection with cytoplasmic RNA 
(lanes 1 to 3) or virion RNA (lanes 4 to 6) prepared from COS-1 cells cotrans- 
fected with LRPL and pBCCX-CSF (lanes 2 and 5), pSVIIIenv3-2 and pBCCX- 
CSF (lanes 3 and 6), or pBCCX-CSF alone (lanes 1 and 4). Protection with 
tRNA alone is shown in lane 7, and riboprobe without RNase treatment is shown 
in lane 8. 32 P-labelled RNA size markers are shown in lane 9. Fragment sizes are 
indicated at the left side of the panel. The positions of the protected helper virus 
fragments are indicated. 



specificity of encapsidation of RNAs containing the 5' t|/ se- 
quence. A fragment corresponding to the FL pSVIIIenv3-2 
vector RNA (80 nt) was detected in cytoplasmic RNA (Fig. 5, 
lane 3). This fragment was not detected in particles released 
from cells cotransfected with pSVIIIew3-2 and helper virus 
constructs (Fig. 5, lane 6). This result confirms the importance 
of the previously identified packaging signal in the 5' UTR for 
encapsidation of HIV-1 RNA. The failure of the env gene 
sequences in pSVIIIenv3-2 to direct encapsidation of the vec- 
tor RNA further indicates that env sequences are not sufficient 
to direct encapsidation of HIV-1 RNA. 

From previously published work, it was unclear whether the 
different requirements for packaging vectors in COS cells and 
T cells reflected cell-specific phenomena or differences be- 
tween transient and stable vector expression or were related to 
aspects of vector construction. In this report, we address the 
latter by characterization of the role of env gene sequences in 



vector RNA expression and encapsidation. Analysis of a series 
of vectors based on LRPL demonstrated no absolute require- 
ment for the 3' env region for encapsidation, although deletion 
of the entire region significantly inhibited packaging. That this 
was not completely abolished is shown by comparison with the 
negative control pSVIIIe«v3-2, which, despite containing the 
entire env gene and being expressed at adequate levels in the 
cytoplasm, is completely nonpackageable. This also confirms 
the essential nature of the 5' UTR in encapsidation. We pre- 
viously reported that when a heterologous gene is placed near 
the 5' UTR packaging signal, encapsidation is reduced or abol- 
ished (13). The findings reported here are in agreement with 
this. Point mutation of the gag ATG also appears to be detri- 
mental. Our previous work demonstrated that some of these 
very poorly packageable vectors may be rendered packageable 
by inclusion of 3' env sequences downstream of the heterolo- 
gous gene. In this paper, we show that this effect is not due to 
the presence of an essential cw-acting packaging signal in env, 
as env sequences can be omitted entirely from a packageable 
vector construct. However, the same region can enhance vector 
packaging when placed upstream of a heterologous gene. The 
practical implications of these findings are that it would appear 
important to include viral sequences between the 5' packaging 
signal and any heterologous gene in vectors based on HIV-1. 
In addition, vector RNA packaging may be enhanced by in- 
clusion of the 3' env region in a vector construct. Studies such 
as these will aid in the development of HIV-based vectors, 
which to date have shown relatively low infectious titers, and 
also in the development of packaging cell lines based on lenti- 
viruses. 
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Vectors derived from human immunodeficiency virus (HIV) are highly efficient vehicles for in vivo gene de- 
livery. However, their biosafety is of major concern. Here we exploit the complexity of the HIV genome to pro- 
vide lentivirus vectors with novel biosafety features. In addition to the structural genes, HIV contains two regu- 
latory genes, tat and rev, that are essential for HIV replication, and four accessory genes that encode critical 
virulence factors. We previously reported that the HIV type 1 accessory open reading frames are dispensable 
for efficient gene transduction by a lentivirus vector. We now demonstrate that the requirement for the tat gene 
can be offset by placing constitutive promoters upstream of the vector transcript. Vectors generated from con- 
structs containing such a chimeric long terminal repeat (LTR) transduced neurons in vivo at very high effi- 
ciency, whether or not they were produced in the presence of Tat. When the rev gene was also deleted from the 
packaging construct, expression of gag and pol was strictly dependent on Rev complementation in trans. By the 
combined use of a separate nonoverlapping Rev expression pi as mid and a 5' LTR chimeric transfer construct, 
we achieved optimal yields of vector of high transducing efficiency (up to 10 7 transducing units [TU]/ml and 
10 4 TU/ng of p24). This third-generation lentivirus vector uses only a fractional set of HIV genes: gag, pol, and 
rev. Moreover, the HIV-derived constructs, and any recombinant between them, are contingent on upstream 
elements and trans complementation for expression and thus are nonfunctional outside of the vector producer 
cells. This split-genome, conditional packaging system is based on existing viral sequences and acts as a 
built-in device against the generation of productive recombinants. While the actual biosafety of the vector will 
ultimately be proven in vivo, the improved design presented here should facilitate testing of lentivirus vectors. 



Lentiviruses have attracted the attention of gene therapy 
investigators (45) for their ability to integrate into nondividing 
cells (8, 15, 16, 25, 26). We previously developed replication- 
defective vectors from the lentivirus human immunodeficiency 
virus (HIV) and showed that they transduce target cells inde- 
pendent of mitosis (32). The vectors proved highly efficient for 
in vivo gene delivery and achieved stable long-term expression 
of the transgene in several target tissues, such as the brain (5, 
33), the retina (31), and the liver and muscle of adult rats (21). 
A major concern, however, is the biosafety of vectors derived 
from a highly pathogenic human virus. 

The complexity of the lentivirus genome may be exploited to 
build novel biosafety features in the design of a retrovirus vec- 
tor. In addition to the structural gag, pol, and env genes com- 
mon to all retroviruses, HIV contains two regulatory genes, tat 
and rev, essential for viral replication, and four accessory 
genes, vif vpr, vpu, and nef, that are not crucial for viral growth 
in vitro but are critical for in vivo replication and pathogenesis 
(27). 

The Tat and Rev proteins regulate the levels of HIV gene 
expression at transcriptional and posttranscriptional levels, re- 
spectively. Due to the weak basal transcriptional activity of the 
HIV long terminal repeat (LTR), expression of the provirus 
initially results in small amounts of multiply spliced transcripts 
coding for the Tat, Rev, and Nef proteins. Tat increases dra- 
matically HIV transcription by binding to a stem-loop structure 
(transactivation response element [TAR]) in the nascent RNA, 
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thereby recruiting a cyclin-kinase complex that stimulates tran- 
scriptional elongation by the polymerase II complex (46). Once 
Rev reaches a threshold concentration, it promotes the cyto- 
plasmic accumulation of unspliced and singly spliced viral tran- 
scripts, leading to the production of the late viral proteins. Rev 
accomplishes this effect by serving as a connector between an 
RNA motif (the Rev-responsive element [RRE]), found in the 
envelope coding region of the HIV transcript, and components 
of the cell nuclear export machinery. Only in the presence of 
Tat and Rev are the HIV structural genes expressed and new 
viral particles produced (27). 

In a first generation of HIV-derived vectors (32), viral par- 
ticles were generated by expressing the HIV type 1 (HIV-1) 
core proteins, enzymes, and accessory factors from heterolo- 
gous transcriptional signals and the envelope of another virus, 
most often the G protein of the vesicular stomatitis virus (VS V 
G) (9) from a separate plasmid. In a second version of the 
system, the HIV-derived packaging component was reduced to 
the gag, pol, tat, and rev genes of HIV-1 (51). In either case, the 
vector itself carried the HIV-derived cw-acting sequences nec- 
essary for transcription, encapsidation, reverse transcription, 
and integration (2, 4, 22, 24, 29, 30, 32, 35). It thus encom- 
passed, from the 5' to 3' end, the HIV 5' LTR, the leader 
sequence and the 5' splice donor site, approximately 360 bp of 
the gag gene (with the gag reading frame closed by a synthetic 
stop codon), 700 bp of the env gene containing the RRE and 
a splice acceptor site, an internal promoter (typically the im- 
mediate-early enhancer/promoter of human cytomegalovirus 
[CMV] or that of the phosphoglycerokinase gene [PGK]), the 
transgene, and the HIV 3' LTR. Vector particles are produced 
by cotransfection of the three constructs in 293T cells (32). In 
this design, significant levels of transcription from the vector 
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LTR and of accumulation of unspliced genomic RNA occur 
only in the presence of Tat and Rev. 

Here, we demonstrate that the trans-acting function of Tat 
becomes dispensable if part of the upstream LTR in the trans- 
fer vector construct is replaced by constitutively active pro- 
moter sequences. Furthermore, we show that the expression of 
rev in trans allows the production of high-titer HIV-derived 
vector stocks from a packaging construct which contains only 
gag and pol. This design makes the expression of the packaging 
functions conditional on complementation available only in 
producer cells. The resulting gene delivery system, which con- 
serves only three of the nine genes of HIV-1 and relies on four 
separate transcriptional units for the production of transducing 
particles, offers significant advantages for its predicted bio- 
safety. 

MATERIALS AND METHODS 

Transfer vector constructs. pHR'CMV-LacZ and pHR'CMV-Lucifcrase have 
been described elsewhere (32). pHR2 is a lentivirus transfer vector in which the 
polylinker and downstream nef sequences up to the Kpn\ site of pHR' have been 
replaced with a ClaVSpeVSnaBV Small BamHVSaclliEcoRl polylinker. pHR2 was 
generated by replacing the 3.7-kb Clal-Sacl fragment of pHR'CMVlacZ with a 
607-bp Clal-Sacl fragment generated by PCR using pHR'CMVlacZ as the tem- 
plate with oligonucleotide primers 5 ' -CCATCG ATG G ACTAGTCCTACGTA 
TCCCCGGGGACGGGATCCGCGGAATTCCGTTTAAGACCAATGAC- 
3' and 5'-TTATAATGTCAAGGCCTCTC-3', followed by digestion with Clal 
and Sad. 

pHR2PGK-NGFR, pHR2CM V-NGFR, and pHR2MFG-NGFR are lentivirus 
transfer vectors in which the truncated low-affinity nerve growth factor receptor 
(NGFR) (6) transgenes under the control of the murine PGK, human CMV, and 
Moloney leukemia virus (MLV) promoters, respectively, have been inserted into 
the polylinker of pHR2. The pHR2PGK-NGFR transgene encodes no intron se- 
quences, the pHR2CM V-NGFR vector includes the intron from plasmid pMD (34), 
and the pHR2MFG-NGFR vector contains the MLV intron from MFG-S (34). 

pRRL, pRLL, pCCL, and pCLL are lentivirus transfer vectors containing 
chimeric Rous sarcoma virus (RSV)-HIV or CMV-HIV 5' LTRs and vector 
backbones in which the simian virus 40 polyadenylation and (enhancerless) 
origin of replication sequences have been included downstream of the HIV 3' 
LTR, replacing most of the human sequence remaining from the HIV integra- 
tion site. In pRRL, the enhancer and promoter (nucleotides —233 to —1 relative 
to the transcriptional start site; GenBank accession no. J02342) from the U3 
region of RSV are joined to the R region of the HIV-1 LTR. In pRLL, the RSV 
enhancer (nucleotides -233 to -50) sequences are joined to the promoter 
region (from position -78 relative to the transcriptional start site) of HIV-1. 
In pCCL, the enhancer and promoter (nucleotides —673 to -1 relative to the 
transcriptional start site; GenBank accession no. K03104) of CMV were joined to 
the R region of HIV-1. In pCLL, the CMV enhancer (nucleotides -673 to -220) 
was joined to the promoter region (position -78) of HIV-1. Exact sequences and 
details of construction are available on request. 

P HR2hPGK-GFP, pCCLhPGK-GFP, pCLLhPGK-GFP, pRRLhPGK-GFP, 
and pRLLhPGK.GFP are lentivirus transfer vectors containing the enhanced 
green fluorescent protein (eGFP) (750-bp BamHI-Notl fragment from pEGFP- 
1; Clontech) coding region, under the control of the human PGK promoter 
(nucleotides 5 to 516; GenBank accession no. Ml 1958), inserted into the poly- 
linker region of each parental vector. pRRLGFP was obtained by deletion of the 
Xhol-BamHl fragment containing the PGK promoter from pRRLhPGK-GFP. 

pRRLhPGK.GFP.SIN-18 is a vector in which 3' LTR sequences from -418 to 
-18 relative to the U3/R border have been deleted from pRLLhPGK.GFP (52). 

Packaging constructs. The /of-defective packaging construct pCMVAR8.93 
was obtained by swapping an EcoRl-Sacl fragment from plasmid R7/pneo(-) 
(12) with the corresponding fragment of pCMVAR8.91, a previously described 
plasmid expressing Gag, Pol, Tat, and Rev (51). This fragment has a deletion 
affecting the initiation codon of the tat gene and a frameshift created by the 
insertion of an Mlul linker into the Bsu$61 site as described previously. 
pCM VAR8.74 is a derivative of pCMVAR8.91 in which a 133-bp SacII fragment, 
containing a splice donor site, has been deleted from the CMV-derived region 
upstream of the HIV sequences to optimize expression. 

pMDLg/p is a CM V-driven expression plasmid that contains only the gag and 
pol coding sequences from HIV-1. First, p&a/2Lg/p was constructed by ligating a 
4.2-kb Clal-EcoRl fragment from pCMVAR8.74 with a 3.3-kb £coRI-//i'ndIII 
fragment from pkatl (14) and a 0.9-kb Hindlll-Ncol fragment from pkatl along 
with an Ncol-Clal linker consisting of synthetic oligonucleotides 5'-CATGGGT 
GCGAGAGCGTCAGTATTAAGCGGGGGAGAATTAGAT-3' and 5'-CG 
ATCTAATTCTCCCCCGCTTAATACTGACGCTCTCGCACC-3'. Next, 
pMDLg/p was constructed by inserting the 4.25-kb EcoRI fragment from 
pto/2Lg/p into the EcoRl site of pMD-2. pMD-2 is a derivative of pMD.G (34) 
in which the pXF3 plasmid backbone of pMD.G has been replaced with a 
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minimal pUC plasmid backbone and the 1.6-kb VSV G-cncoding £c<?RI frag- 
ment has been removed, 

pMDLg/pRRE differs from pMDLg/p by the addition of a 374-bp RRE-con- 
taining sequence from HIV-1 (HXB2) immediately downstream of the pol cod- 
ing sequences. To generate pMDLg/pRRE, the 374-bp Notl-Hindlll RRE-con- 
taining fragment from pHR3 was ligated into the 9.3-kb Not\-Bgl\l fragment of 
pVL1393 (Invitrogen) along with a Hindlll-Bglll oligonucleotide linker consist- 
ing of synthetic oligonucleotides 5'-AGCTTCCGCGGA-3' and 5'-GATCTCC 
GCGGA-3' to generate pVL1393RRE (pHR3 was derived from pHR2 by the 
removal of HIV env coding sequences upstream of the RRE sequences in 
pHR2). ANotl site remains at the junction between the gag and RRE sequences, 
pMDLg/pRRE was then constructed by ligating the 380-bp EcoRl-Sstll fragment 
from pV1393RRE with the 3.15-kb Sstll-Ndel fragment from pMD-2FIX (pMD- 
2FIX is a human factor IX-containing variant of pMD-2 which has an Sstll site 
at the 3' end of the factor IX insert), the 2.25-kb Mdel-Avrll fragment from 
pMDLg/p, and the 3.09-kb/JvrII-£coRI fragment from pkatl Lg/p (14). 

pRSV-Rev and pTK-Rev (generous gifts of T. Hope, Salk Institute) are rev 
cDNA-expressing plasmids in which the joined second and third exons of HIV-1 
rev are under the transcriptional control of the RSV U3 and herpes simplex virus 
type 1 thymidine kinase (TK) promoters, respectively. Both expression plasmids 
utilize polyadenylation signal sequences from the HIV LTR in a pUCl 18 plas- 
mid backbone. 

Vector production and assays. Vectors were produced by transient transfec- 
tion into 293T cells as previously described (33), with the following modifications. 
A total of 5 X 10* 293T cells were seeded in 10-cm-diameter dishes 24 h prior to 
transfection in Iscove modified Dulbecco culture medium (JRH Biosciences) 
with 10% fetal bovine serum, penicillin (100 IU/ml), and streptomycin (100 
u,g/ml) in a 5% C0 2 incubator, and the culture medium was changed 2 h prior 
to transfection. A total of 20 \Lg of plasmid DNA was used for the transfection 
of one dish: 3.5 u,g of the envelope plasmid pMD.G, 6.5 p,g of packaging plasmid, 
and 10 |xg of transfer vector plasmid. The precipitate was formed by adding the 
plasmids to a final volume of 450 uJ of 0.1 X TE (1 X TE is 10 mM Tris [pH 8.0] 
plus 1 mM EDTA) and 50 \i\ of 2.5 M CaCl 2 , mixing well, then adding dropwise 
500 u,l of 2X HEPES-buffered saline (281 mM NaCl, 100 mM HEPES, 1.5 mM 
Na 2 HP0 4 [pH 7.12]) while vortexing and immediately adding the precipitate to 
the cultures. The medium (10 ml) was replaced after 14 to 16 h; the conditioned 
medium was collected after another 24 h, cleared by low-speed centrifugation, 
and filtered through 0. 22- jim-po re-size cellulose acetate filters. For in vitro ex- 
periments, serial dilutions of freshly harvested conditioned medium were used to 
infect 10 5 cells in a six-well plate in the presence of Polybrene (8 u^g/ml). Viral 
p24 antigen concentration was determined by immunocapture (Alliance; Du- 
Pont-NEN). Vector batches were tested for the absence of replication-compe- 
tent virus by monitoring p24 antigen expression in the culture medium of trans- 
duced SupTl lymphocytes for 3 weeks. In all cases tested, p24 was undetectable 
(detection limit, 3 pg/ml) once the input antigen had been eliminated from the 
culture. Transducing activity was expressed in transducing units (TU). 

Northern blot analysis. Total RNA was isolated from 1 X 10 7 to 2 X 10 7 cells 
harvested at confluence by using RNAsol B as suggested by the manufacturer; 10 
to 20 jig of RNA was loaded per well on 1% agarose gels, using NorthernMax 
(Ambion, Austin, Tex.) reagents as described by the manufacturer. Transfer was 
to Zetabind membranes (Cuno Inc., Meridien, Conn.) by either capillary transfer 
or pressure blotting (Stratagene). 32 P-labeled probes were made by random prim- 
ing. 

Intracerebral injection of vectors. Twelve Fischer 344 male rats weighing 
approximately 220 g were obtained from Harlan Sprague-Dawley (Indianapolis, 
Ind.). The rats were housed with access to ad libitum food and water on a 12-h 
light/dark cycle and were maintained and treated in accordance with published 
National Institutes of Health guidelines. All surgical procedures were performed 
with the rats under isofluranc gas anesthesia, using aseptic procedures. After a 
rat was anesthetized in a sleep box, it was placed in a small animal stereotaxic 
device (Kopf Instruments, Tujunga, Calif.) using the earbars, which do not break 
the tympanic membrane. The rats were randomly divided into one control and 
four treatment groups. After the rats were placed in the stereotaxic frame, 2 u.1 
of lentivirus vector concentrated by ultracentrifugation at 50,000 X g for 140 min 
at 20°C (33) in phosphate-buffered saline (PBS) was injected consecutively into 
the striatum in both hemispheres over 4 min at a rate of 0.5 u-l/min (coordinates, 
AP 0,0, LAT ±3.0, DV -5.5, -4.5, -3.5 with the incisor bar set at 3,3 mm 
below the intra-aural line [36]), using a continuous-infusion system as described 
previously in detail (28). During the injection, the needle was slowly raised 1 mm 
in the dorsal direction every 40 s (3-mm total withdrawal). One minute after 
cessation of the injection, the needle was retracted an additional 1 mm and then 
left in place for an additional 4 min before being slowly withdrawn from the brain. 

Histology. One month after vector injection, each animal was deeply anesthe- 
tized with intraperitoneal pentobarbital and perfused through the aorta with 
sterile PBS, followed by ice-cold 4% paraformaldehyde perfusion. The brains 
were removed from the skulls, post fixed in 4% paraformaldehyde by immersion 
for 24 h, and then transferred into a 30% sucrose-PBS solution for 3 to 4 days, 
until the brains sank to the bottom of their containers. The brains were then 
frozen on dry ice, and 40-u.m-thick coronal sections were cut on a sliding micro- 
tome. Sections were collected in series in microtiter well plates that contained a 
glycerin-based antifreeze solution, and they were kept at -30°C until further 
processing. Immunocytochemistry was performed according to the general pro- 
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FIG. 1. Northern analysis of the RNA expression from lentivirus vectors. Three pHR2 vectors carrying an expression cassette for the same transgene (truncated 
low-affinity NGFR) and driven by three diflFerent promoters (PGK, CMV, and retroviral MFG) were analyzed in producer and transduced cells. Total RNA was 
extracted and analyzed by Northern blotting with a probe specific for the transgene sequence. (A) Schematic of the vector construct depicts the species of RNA driven 
by the internal promoter (Prom.; broken arrow, shorter transcript) and the viral LTR (solid arrows, longer transcripts; the two species differ for the splicing of the viral 
intron). The splice donor and acceptor sites (SD and SA), the packaging sequence OP), the truncated gag sequence (GA), and the RRE are indicated. (B) The vector 
constructs were transfected in 293T cells without or with the packaging construct. (C) Vector particles produced by the 293T transfectants were used to transduce HeLa 
cells. In the absence of the viral transactivators, supplied by the core packaging construct only in the producer cells, vector expression occurs mainly from the internal 
promoter. Note the dramatic enhancement of the upstream transcription and the accumulation of unspliced RNA (carrying the ^ sequence) in the presence of the 
packaging construct. In the transduced cells, the LTR is silenced. Note that the three expression cassettes differ in the size of the promoters and 5' untranslated 
sequence. In each case, the smallest RNA species represents transcripts initiated from the internal promoter, while the intermediate-size and larger species correspond 
to spliced and unspliced LTR-driven RNAs, respectively. 



cedure described previously (44). After several PBS rinses and an incubation in 
3% hydrogen peroxide, the sections were placed in a 3% normal goat serum. The 
sections were then incubated in the primary anti-GFP antibody (1:1,000; Clon- 
tech, Palo Alto, Calif.) in 1% normal goat serum-0.1% Triton X-100 overnight 
at room temperature. After rinsing, the sections were incubated in the biotin- 
ylated rabbit anti-goat secondary antibody (Vector, Burlingame, Calif.) for 3 h. 
After rinsing, the sections were incubated with horseradish peroxidase-strepta- 
vidin and then reacted by using a purple chromagen kit (VIP; Vector), mounted, 
dried, dehydrated, and coverslipped. 

RESULTS 

Tat is required to produce a vector of efficient transducing 
activity. To investigate the role of Tat in the production of 
transducing particles, expression from lentivirus vectors was 
first examined by Northern analysis (Fig. 1). The patterns of 
RNAs induced by transfer vectors in which the transgene was 
driven by an internal PGK, CMV, or retrovirus MFG promoter 
were studied in both producer and target cells. In transfected 
293T cells, expression occurred mainly from the internal pro- 
moter. When a packaging construct expressing both Tat and 
Rev was cotransfected, a dramatic enhancement of transcrip- 
tion from the LTR was observed, with an accumulation of 
unspliced vector RNA. In cells transduced with the vectors, 
that is, in the absence of Tat and Rev, transcription from the 
LTR was almost completely suppressed, the residual tran- 
scripts underwent splicing, and the internal promoter was re- 
sponsible for most of the expression. 

A packaging plasmid carrying two mutations in tat (pCMVAR 
8.93) was then constructed. The first mutation is a deletion of 
the T in the ATG initiation codon of the tat gene; the second 
is an insertion of a Mlul linker producing a translation stop 
codon after residue 46 of the Tat protein. These changes con- 
fer a taf -defective phenotype to HIV-1 (12). After transfection 
of the control or ^/-defective packaging constructs into 293T 
cells, comparable yields of vector particles were recovered in 
the culture medium, as assayed by using the Gag p24 antigen 
(see Table 3). Such Tat independence was expected from the 
replacement of the HIV LTR by the constitutive CMV pro- 
moter in the packaging construct. However, the particles pro- 
duced in the absence of Tat had a dramatically reduced trans- 
ducing activity (Table 1): 5 to 15% of that of particles 
produced by the control Tat-positive packaging construct 



We also tested whether the Tat-defective phenotype could 
be rescued by complementation in target cells (Table 1). HeLa- 
tat cells, a cell line expressing Tat from the HIV-1 LTR (13), 
were transduced by vectors produced with or without Tat. The 
expression of Tat in target cells did not compensate for the loss 
in transduction efficiency of vector produced without Tat. 

As expected from the Northern analysis, functional inacti- 
vation of the tat gene resulted in a lower abundance of vector 
RNA in producer cells. This was indicated by the decrease in 
luciferase activity in cells producing a luciferase vector without 
an internal promoter. In this case, transgene expression di- 



TABLE 1. Transducing activities of lentivirus vectors made with 
and without a functional tat gene in the packaging construct 0 

Mean transducing activity 
(TU/ng of p24) ± SE b 



With tat in Without tat 

packaging in packaging 

construct construct 



pHR'CMV-LacZ 


293T 


1,056 


± 


54 


152 


± 


26 


P HR2PGK-eGFP 


HeLa 


5,666 




384 


pHR'CMV-Luciferase 


HeLa 


3,000 




152 


152 




26 


HeLa-tat 


3,777 




348 


486 




59 


pHR'Luciferase c 


HeLa 


46 




1 


0.3 




0.003 


HeLa-tat 


3,296 




276 


174 


± 


75 



" Vectors were produced by transfection of the indicated transfer vector, a 
packaging construct either with (pCMVAR8.91) or without (pCMVAR8.93) a 
functional tat gene, and plasmid pMD.G into 293T cells. Serial dilutions of 
transfectant conditioned medium were incubated with the indicated cells, and 
the cultures were scored after 3 days. For calculating transduction activity, sam- 
ples were selected from the linear portion of the vector dose-response curve. 

b LacZ transduction was measured by 5-bromo-4-chIoro-3-indolyl-0-D-galac- 
topyranoside (X-Gal) staining and by expression of the number of blue cell 
colonies as a function of the amount of p24 antigen in the inoculum. eGFP 
transduction was measured by FACS analysis, multiplying the fraction of fluo- 
rescent cells by the number of infected cells, and expressing the result as a 
function of the amount of p24 antigen in the inoculum. Luciferase transduction 
was measured by luminescence in RLU above background of 50 \l\ of culture 
extract and dividing the number of RLU X 10~ 2 by the number of nanograms of 
p24 antigen in the inoculum. Means of duplicate (pHR2 PGK-eGFP) or tripli- 
cate (all other constructs) determinations are shown. 

c Without internal promoter. 
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FIG. 2. Transcriptional activities of wild-type and 5' chimeric vector con- 
structs in the absence and presence of Tat. (A) Control pHR2 and the 5' 
chimeric pRRL transfer construct carrying a PGK-eGFP expression cassette 
were transfected into 293T cells with a packaging construct having a functional 
(pCMVAR8.91; grey line) or inactive (pCMVAR8.93; black line) tat gene. GFP 
expression was analyzed by FACS. The filled area represents nontransfected 
cells. In the absence of Tat, the chimeric construct yielded a level of GFP 
expression higher than that achieved by the pHR2 construct. Both constructs 
were further upregulated by Tat. (B) A pRRL construct carrying the eGFP gene 
without an internal promoter was transfected with a packaging construct carrying 
a functional (grey line, open area) or inactive (black line, open area) tat gene. 
Direct upregulation of the chimeric promoter by Tat was observed. The filled 
area represents nontransfected cells. 



rectly reflects the abundance of transcripts originating from the 
LTR. 293T cells producing luciferase vectors without Tat had 
only 5% of the luciferase content of cells producing the same 
vector with Tat ([1.0 ± 0.2] X 10 9 relative light units [RLU]/ 
dish without Tat; [20.2 ± 0.7] X 10 9 RLU/dish with Tat). This 
ratio corresponded very closely to that observed in cells trans- 
duced by either type of vector in the course of the same ex- 
periment (Table 1), suggesting that the abundance of vector 
RNA in producer cells is a rate-limiting factor in the transduc- 
tion by lentivirus vectors. 

One could thus conclude that Tat is required in producer 
cells to activate transcription from the HIV LTR and to gen- 
erate vector particles with a high transducing activity. 

The tat requirement is offset by placing a constitutive pro- 
moter upstream of the transfer vector. If the only function of 
Tat is trans activation of vector transcription from the LTR, the 
taf-defective phenotype should be rescued by placing a strong 
constitutive promoter upstream of the vector transcript. Three 
transcriptional domains have been identified in the HIV pro- 
moter in the U3 region of the LTR: the core or basal domain, 
the enhancer, and the modulatory domain (27). Transcription 
starts at the U3/R boundary, the first nucleotide of R being 
numbered 1. The core promoter contains binding sites for the 



TATA-binding protein (-28 to -24) and SP-1 (three binding 
sites between -78 to -45). The enhancer contains two binding 
sites for NF-kB which overlap with a binding site for NFATc 
(-104 to -81). The modulatory domain contain binding sites 
for several cellular factors, including AP-1 (-350 to -293), 
NFAT-1 (-256 to -218), USF-1 (-166 to -161), Ets-1 (-149 
to -141), and LEF (-136 to -125). A panel of 5' chimeric 
transfer constructs carrying substitutions of either all or part of 
the U3 region of the 5' LTR was generated. All substitutions 
were made to preserve the transcription initiation site of HIV. 
Partial substitutions joined new enhancer sequences to the 
core promoter of the HIV LTR (-78 to 1), while full substi- 
tutions replaced also the promoter. pRLL and pRRL vectors 
carried the enhancer and the enhancer/promoter, respectively, 
of RSV; pCLL and pCCL vectors carried the enhancer and the 
enhancer/promoter of human CMV. 

Control pHR2 and 5' chimeric transfer constructs carrying a 
PGK-eGFP expression cassette were tested by transfection of 
293T cells with control or tar-defective packaging constructs, 
and the expression of the eGFP transgene was analyzed by 
fluorescence-activated cell sorting (FACS). The RRL chimeric 
construct yielded a higher level of eGFP expression than the 
pHR2 vector, reflecting the constitutive transcriptional activity 
of the new sequence (Fig. 2A). Interestingly, the chimeric 
vector also displayed upregulation by Tat, as shown by the 
increased eGFP expression of cells cotransfected with the con- 
trol packaging construct. Tat upregulation was proven to be 
a direct effect by transfecting a pRRL-eGFP vector lacking 
an internal promoter with control or ^/-defective packaging 
constructs and analyzing GFP expression by FACS (Fig. 2B). 
Comparable results were obtained with the other chimeric 
LTR vectors (not illustrated). Vector particles were then col- 
lected from the transfected producer cells and assayed for 
transduction of eGFP into HeLa cells and human primary 
lymphocytes (peripheral blood lymphocytes [PBL]). As shown 
in Table 2, all vectors had efficient transducing activity, as 
assessed by endpoint titration on HeLa cells or maximal trans- 
duction frequency of PBL. The vector produced by the pRRL 
chimera was as efficient as that produced by the pHR2 con- 
struct and was selected to test transduction independent of 
Tat. As shown in Table 3, the pRRL construct yielded a vector 
of only slightly reduced transducing activity (60%) when the 
packaging construct was tat defective. The residual effect of 



TABLE 2. GFP transduction by lentivirus vectors made by transfer 
constructs with a wild-type or 5' chimeric LTR 



Transfer 
construct 


Endpoint titer on 
HeLa cells 
(TO/ml)" 


Transduction efficiency on 
human lymphocytes 
(% positive cells) 6 


pHR2 


2.3 X 10 7 


30 


pCCL 


4.6 X 10 6 


14 


pCLL 


7.9 X 10 6 


18 


pRRL 


1.8 X 10 7 


29 


pRLL 


8.9 X 10 6 


18 



a Determined by multiplying the percentage of fluorescent cells for the vector 
dilution and the number of infected cells. Samples were selected from the linear 
portion of the vector dose-response curve. 

b Percentage of fluorescent human PBL after infection of 10 fi cells with 1 ml of 
vector containing medium. Primary human T lymphocytes were isolated and 
transduced as previously described (14). Vectors carrying a PGK-eGFP expres- 
sion cassette were produced by transfection of the indicated transfer construct, 
the packaging plasm id pCMVAR8.91, and the envelope plasmid pMD.G into 
293T cells. Fluorescent cells were scored by FACS analysis 6 days after trans- 
duction. Data are averages of duplicate determinations for a representative 
experiment of three performed. 
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TABLE 3. GFP transduction into HeLa cells by lentivirus vectors 
made by transfer constructs with a wild-type or 5 ' chimeric LTR 
and packaging constructs with or without a functional tat gene 0 



Transfer 
construct 


tat gene in 
packaging 
construct 


Endpoint titer 
(TU/ml) 


p24 antigen 
(ng/ml) 


Transduction 

efficiency 
(TU/ng of p24) 


pHR2 


+ 


4.1 X 10 6 


297 


13,805 


pHR2 




2.4 X 10 5 


545 


440 


pRRL 


+ 


1.3 x 10 7 


546 


23,810 


pRRL 




4.9 X 10 6 


344 


14,244 



a Vectors carrying a PGK-eGFP expression cassette were produced by trans- 
fection of the indicated transfer and packaging plasmid plus plasmid pMD.G into 
293T cells. Serial dilutions of transfectant conditioned medium were incubated 
with HeLa cells, and the cultures were scored after 6 days. For calculating 
endpoint titers, samples were selected from the linear portion of the vector 
dose-response curve. Data are averages of duplicate determinations for a rep- 
resentative experiment of five performed. 



Tat on transduction was in agreement with the ability of Tat to 
upregulate transcription from the chimeric XTR. 

The use of the chimeric LTR construct allowed removal of 
Tat from the packaging system with a minimal loss in the 



transduction efficiency of the vector in vitro. To test vector 
performance in the more challenging setting of in vivo delivery 
into brain neurons, high-titer vector stocks were generated 
from the pHR2 and pRRL constructs with and without Tat. 
The four stocks of eGFP vector were matched for particle 
content by p24 antigen and injected bilaterally in the neostriata 
of groups of three adult rats. The animals were sacrificed after 
1 month, and serial sections of the brain were analyzed for 
eGFP fluorescence (not shown) and immunostained by anti- 
bodies against eGFP (Fig. 3). The results obtained in vivo 
matched the in vitro data. Vector produced by the pHR2 
construct only achieved significant transduction of the neurons 
when packaged in the presence of Tat. Vector produced by the 
pRRL chimera was as efficient when made with or without Tat. 
The transduction extended throughout most of the striatum 
and reached a very high density of positive cells in the sections 
closest to the injection site. No signs of pathology were detect- 
able in the injected tissue, except for a small linear scar mark- 
ing the needle track, by hematoxylin and eosin staining of the 
sections (data not shown). 

These results provide evidence that Tat is dispensable for 
efficient transduction by a lentivirus vector. 




FIG. 3. In vivo transduction of eGFP into brain cells by lentivirus vectors produced with and without Tat. Vectors carrying a PGK-eGFP expression cassette were 
produced by the pHR2 (A and B) or the 5' chimeric pRRL (C and D) transfer construct and a packaging construct with (pCMVAR8.91; A and C) or without 
(pCMVAR8.93; B and D) a functional tat gene, concentrated by ultracentrifugation, and normalized for particle content prior to injection into the corpora striata of 
adult rats. One month after injection, brain sections were stained for immunoreactivity to the GFP protein. While both types of vectors transduced neurons very 
efficiently when made with Tat, only the vector made by the chimeric transfer construct worked as well when produced without Tat. Representative sections close to 
the injection site are shown for one of six striata injected per each type of vector. The bar in panel B represents 1 mm; that in the inset in panel A represents 100 p.m. 
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TABLE 4. GFP transduction into HeLa cells by lentivirus vectors 
made by linked or split packaging constructs and 
a pRRL transfer construct 0 



Packaging 
construct 


Separate rev 
plasmid 6 


p24 
antigen 
(ng/ml) 


Endpoint 

titer 
(TU/ml) 


Transduction 

efficiency 
(TU/ng of p24) 


pCMVAR8.74 




364 


1.07 X 10 7 


29,436 


pMDLg/pRRE 




<0.1 


ND 


NA 


pMDLg/pRRE 


TK-Rev, 5 jig 


29 


6.9 X 10 5 


23,793 


pMDLg/pRRE 


TK-Rev, 12 jig 


94 


2.02 X 10 fi 


21,489 


pMDLg/pRRE 


RSV-Rev, 2.5 u,g 


774 


1.0 x 10 7 


13,495 


pMDLg/pRRE 


RSV-Rev, 5 jig 


776 


7.6 X 10* 


9,761 


pMDLg/pRRE 


RSV-Rev, 12 


565 


4.8 x 10 fi 


8,495 



" Vectors carrying a PGK-eGFP expression cassette were produced by the 
transfection of a self- inactivating pRRL transfer construct (with a deletion in the 
3' LTR [53]), the indicated packaging and rev plasmids, and plasm id pMD.G into 
293T cells. Serial dilutions of transfectant conditioned medium were incubated 
with HeLa cells, and the cultures were scored after 6 days. For calculating 
endpoint titers, samples were selected from the linear portion of the vector 
dose-response curve. Data are averages of duplicate determination for a repre- 
sentative experiment of three performed. ND, none detected (the detection limit 
of the assay was 10 2 TU/ml); NA, not applicable. 

b The promoter driving the expression of a synthetic rev cDNA and the amount 
of plasmid transfected are indicated. 

A new split-genome conditional packaging system. The pos- 
sibility of deleting the tat gene prompted us to explore a new 
design of the packaging component of the HIV vector system, 
in which two separate nonoverlapping expression plasmids, 
one for the gag and pol genes and the other for the rev gene, 
were used. The gag and pol reading frames were expressed 
within the context of the MD cassette, which employs the 
CMV promoter and intervening sequence and the human 
|}-globin poly(A) site (34). All HIV sequences upstream of the 
gag initiation codon were removed, and the leader was modi- 
fied for optimal fit to the Kozak consensus for translation. This 
construct, however, expressed almost no p24 antigen when 
transfected alone in 293T cells. This observation is in agree- 
ment with the previously reported presence of ds-repressive or 
inhibitory sequences in the gag andpol genes (40, 41). The HIV 
RRE was then inserted downstream of the pol gene, and the 
resulting plasmid was cotransfected with a rev expression vec- 
tor (Table 4). High levels of p24 antigen production were 
observed in this case, the highest yields being obtained when 
rev was driven by an RSV promoter. When the gag-pol and the 
rev constructs were cotransfected with the pRRL chimeric 
transfer vector and the VSV G-expressing plasmid, high-titer 
vector was obtained in the culture medium. Both the yield of 
particles and their transducing efficiency were similar to those 
obtained with previous versions of the system. Northern anal- 
ysis of producer cells confirmed that unspliced vector genomic 
RNA accumulated only in the presence of Rev (data not 
shown). Thus, both the expression of the gag and pol genes and 
the accumulation of packageable vector transcripts are depen- 
dent on trans complementation by a separate Rev expression 
construct. Such a conditional packaging system provides an 
important safety feature unavailable to oncoretrovirus vectors. 

DISCUSSION 

The predicted biosafety of a viral vector depends in part on 
how much segregation of the cis- and /rans-acting functions of 
the viral genome is achieved by the vector design and is main- 
tained during vector production. A vector particle is assembled 
by viral proteins expressed in the producer cell from a con- 
structs) stripped of the ay-acting sequences required for the 
transfer of the viral genome to target cells (packaging con- 
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struct). These as-acting sequences are instead linked to the 
transgene in the transfer vector. As the vector particle pack- 
ages only the genetic information contained in this latter con- 
struct, the infection process is limited to a single round without 
spreading. Through recombination, it is possible that se- 
quences encoding viral proteins rejoin the ay-acting elements 
of the transfer vector. If the resulting recombinant expresses all 
required functions, it is able to replicate (i.e., it is a replication- 
competent retrovirus [RCR]) and presents a risk to the recip- 
ient. The formation of heterozygous vector particles containing 
RNAs from both the packaging and transfer vectors, followed 
by homologous recombination during reverse transcription, is 
the mechanism most often incriminated in the emergence of 
RCR during the production of retroviral vectors. The likeli- 
hood of this type of recombination is dependent on residual 
cw-acting sequences in the packaging plasmid, allowing some 
level of encapsidation, and on the extent of homology between 
packaging and vector constructs (10). 

A first strategy to improve the biosafety of a vector is to 
use nonoverlapping split-genome packaging constructs that 
require multiple recombination events with the transfer vec- 
tor for RCR generation. Earlier studies described several ap- 
proaches to generate replication-defective HIV vectors (7, 35, 
38, 42). However, these vectors could be produced only to 
low infectious titers, were restricted to CD4-positive cellular 
targets, and carried the risk of generating wild-type HIV 
by recombination of the components. A major advance was 
achieved when an improved vector design was combined with 
the use of the envelope of another virus (32, 33, 39). The 
lentivirus vector that we describe here is packaged by three 
nonoverlapping expression constructs, two expressing HIV 
proteins and the other expressing the envelope of a different 
virus. Moreover, all HIV sequences known to be required for 
encapsidation and reverse transcription (2, 22, 24, 27, 29, 30, 
35) are absent from these constructs, with the exception of the 
portion of the gag gene that contributes to the stem-loop struc- 
ture of the HIV-1 packaging motif (29). 

A second strategy to improve vector biosafety took advan- 
tage of the complexity of the lentivirus genome. The minimal 
set of HIV-1 genes required to generate an efficient vector was 
identified, and all other HIV reading frames were eliminated 
from the system. As the products of the removed genes are 
important for the completion of the virus life cycle and for 
pathogenesis, no recombinant can acquire the pathogenetic 
features of the parental virus. We previously demonstrated 
that all four accessory genes of HIV could be deleted from the 
packaging construct without compromising gene transduction 
(51). In this work, we went further by deleting another factor 
crucial for HIV replication, the tat gene. Its product is one of 
the most powerful transcriptional activators known and plays a 
pivotal role in the exceedingly high replication rates that char- 
acterize HIV-induced disease (18, 19, 47). 

It was found that Tat was required in producer cells to gen- 
erate vector of efficient transducing activity but that this re- 
quirement was offset by inducing constitutive high-level expres- 
sion of vector RNA. Due to the low basal transcription from 
the HIV LTR, Tat was necessary to increase the abundance of 
vector transcripts and allow their efficient encapsidation by 
the vector particles. When made in the absence of Tat, vector 
particles had 10- to 20-fold-reduced transducing activity. How- 
ever, when strong constitutive promoters replaced the HIV 
sequence in the 5' LTR of the transfer construct, vectors made 
without Tat exhibited a less than twofold reduction in trans- 
ducing activity. As Tat strongly upregulated transcription from 
the chimeric LTR, the transducing activity of the output par- 
ticles must reach saturation. The abundance of vector RNA 
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in producer cells thus appears to be a rate-limiting factor for 
transduction until it reaches a threshold. Conceivably, an up- 
per limit is set by the total output of particles available to en- 
capsidate vector RNA. As the total particle output varied with 
the types of vector and internal promoter used, this may ex- 
plain the quantitative differences obtained in response to tat 
deletion. 

Successful deletion of the tat gene was unexpected in view of 
a reported additional role for Tat in reverse transcription (17, 
20). While the reasons for this discrepancy are not obvious, it 
should be noted that the transduction pathway of the lentivirus 
vector mimics only in part the infection pathway of HIV. The 
vector is pseudotyped by the envelope of an unrelated virus 
and contains only the core proteins of HIV, without any ac- 
cessory gene product. The VSV envelope targets the vector to 
the endocytic pathway, and it has been shown that redirection 
of HIV-1 from its normal route of entry by fusion at the plasma 
membrane significantly changes the biology of the infection. 
For example, Nef and cyclophilin A are required for the opti- 
mal infectivity of wild-type HIV-1 but not of a (VSV G) HIV 
pseudotype (1). It is also possible that the kinetics of reverse 
transcription are more critical for the establishment of viral 
infection than for gene transduction, given the differences in 
size and sequence between the virus and vector genome. 

Tat-independent transduction by an HIV-based vector was 
recently reported by Kim et al. for in vitro cellular targets (23). 
In the vector designed by these authors, however, Tat and Rev 
were expressed from the transfer vector and thus were also 
present in target cells. A CMV-HIV hybrid LTR was used; this 
construct yielded vector titers approximately 30% of that ob- 
tained with an intact LTR. When the tat gene was inactivated, 
the titer did not change. Srinivasakumar et al. (43) previously 
reported a rather low (5- to 10-fold) dependence on Tat of an 
HIV-based vector produced by cells stably expressing the HIV 
structural proteins. In this case, titers of 5 X 10 3 TU/ml with 
Tat and 7 X 10 2 TU/ml without Tat were obtained on HeLa- 
CD4 cells. Although these titers are much lower than those 
reported here, the vector particles carried the HIV envelope, 
an indication that Tat is not absolutely required for transduc- 
tion by vector particles which in that case mirror more closely 
the wild-type virus. It remained possible, however, that a depen- 
dence on Tat may be revealed in more challenging gene deliv- 
eries into the body tissues that are the actual targets of gene 
therapy. This could have been due to a stricter Tat require- 
ment for optimal transduction efficiency or for the production 
of high-titer vector stocks or to differences in cell-type-specific 
factors. Our results now establish that Tat is fully dispensable 
for lentivirus vector transduction even when high titers are 
achieved and, most importantly, for gene delivery in vivo into 
terminally differentiated neurons of an adult rat brain. 

The Northern analysis of producer and target cells shows 
that the Tat dependence of LTR-driven expression restricts the 
production of vector genomic RNA to producer cells. This 
applies as well to vectors made by the 5' chimeric constructs, as 
the U3 sequences of both LTRs of the resulting provirus are 
derived from the vector 3' LTR. However, the functional re- 
placement of the tat gene in the packaging construct by pro- 
moter sequences upstream of the transfer construct makes 
the generation of a transcriptionally active recombinant much 
more unlikely. This will be even more significant in stable 
producer cell lines that avoid the risk of plasmid recombination 
during cotransfection. 

We also exploited the Rev dependence oigag-pol expression 
and of the accumulation of unspliced, packageable transcripts. 
Yu et al. (50) previously showed that the dependence on Rev 
can be used to make expression of HIV genes inducible. We 
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FIG. 4. Schematic drawing of the HIV provirus and the four constructs used 
to make a lentivirus vector of the third generation. The viral LTRs, the reading 
frames of the viral genes, the major 5' splice donor site (SD), the packaging 
sequence (^), and the RRE are boxed and indicated in bold type. The condi- 
tional packaging construct, pMDLg/pRRE, expresses the gag and pol genes from 
the CMV promoter and intervening sequences and polyadenylation site of the 
human p-globin gene. As the transcripts of the gag and pol genes contain as- 
repressive sequences, they are expressed only if Rev promotes their nuclear 
export by binding to the RRE. All tat and rev exons have been deleted, and the 
viral sequences upstream of the gag gene have been replaced. A nonoverlapping 
construct, RSV-Rev, expresses the rev cDNA. The transfer construct, pRRL. 
SIN-18, contains HIV-1 cis-acting sequences and an expression cassette for the 
transgene. It is the only portion transferred to the target cells and does not 
contain wild-type copies of the HIV LTR. The 5' LTR is chimeric, with the 
enhancer/promoter of RSV replacing the U3 region (RRL) to rescue the tran- 
scriptional dependence on Tat. The 3' LTR has an almost complete deletion of 
the U3 region, which includes the TATA box (from nucleotides -418 to -18 
relative to the U3/R border). As the latter is the template used to generate both 
copies of the LTR in the integrated provirus, transduction of this vector results 
in transcriptional inactivation of both LTRs; thus, it is a self-inactivating vector 
(SIN-18). The fourth construct, pMD.G, encodes a heterologous envelope to 
pseudotype the vector, here shown coding for VSV G. Only the relevant parts of 
the constructs are shown. 



describe a core packaging system split in two separate nonover- 
lapping expression constructs, one for the gag and pol reading 
frames optimized for Rev-dependent expression and the oth- 
er for the rev cDNA. This third-generation packaging system 
matches the performance of its predecessors in terms of both 
yield and transducing efficiency. However, it increases signifi- 
cantly the predicted biosafety of the vector. It has been sug- 
gested that the Rev- RRE axis could be replaced by the use of 
constitutive RNA transport elements of other viruses, although 
at the price of decreased efficiency (11, 23, 43). We would sug- 
gest that maintaining the Rev dependence of the system allows 
for an additional level of biosafety through the splitting of the 
HIV-derived components of the packaging system. 

The conditional packaging system described here can be 
combined with a self-inactivating vector construct carrying a 
major deletion in the 3' LTR (52). This vector design (Fig, 4) 
offers significant biosafety features. The contribution of HIV 
is reduced to a fraction of ds-acting sequences in the vector, 
leaving out in particular most of the LTR, and to only three 
genes, gag, pol, and rev, in the packaging constructs, compared 
with the nine genes necessary for the in vivo replication and 
pathogenesis of wild-type HIV-1 (3, 18, 27, 49). The actual bio- 
safety of a vector must be proven in vivo. However, given the 
serious limitations of the available animal models of HIV- 
induced disease, the biosafety of HIV-derived vectors will ul- 
timately be proven only in human hosts. Therefore, the vector 
design must ensure the highest predictable biosafety for clini- 
cal testing to be acceptable. 

It is noteworthy that the fraction of the HIV-1 genome that 
is left in the vector is probably smaller than could be achieved 
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with any of the nonprimate lentiviruses, the genomic complex- 
ity of which is lower than that of HIV-1 (37). Also, the risks 
associated with the introduction in humans of a recombinant 
arising from a nonprimate lentivirus, even in a form that in its 
cognate animal species appears to be attenuated, are very 
difficult to assess, as illustrated by the ongoing debate on xeno- 
transplantation (48). In contrast, the almost two decades spent 
studying a virus that has now spread in tens of millions of 
people worldwide have revealed a considerable amount of 
information on the pathogenic features of HIV-1, in particular 
on the dependence of virulence on a crucial set of viral genes. 
Based on these data, we would like to suggest that the HIV- 
based vectors described here are good candidates for the clin- 
ical trial of lentivirus vectors in human gene therapy. 
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VIRAL TRANSFER TECHNOLOGY HOT TECHNIQUE 

Improved titers of HIV-based lentiviral vectors using 
the SRV-1 constitutive transport element 

MR Mautino, N Keiser and RA Morgan 
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The development of lentiviral vectors that use Rev-inde- 
pendent mechanisms of nuclear export for their genomic 
RNA could facilitate the construction of novel anti-HIV vec- 
tors. We have improved the titers of Rev-independent lentivi- 
ral vectors having the SRV-1 CTE by mutating the major 
splice donor and acceptor sites present in the vector and by 
relocalization of the CTE sequences adjacent to the HIV-1 



3'LTR. These two modifications have additive beneficial 
effects on vector titers and packaging efficiency. Packaging 
these CTE + vectors expressing marker genes with a Rev- 
dependent HIV-1 helper vector yields higher titers than are 
obtained using a Rev-dependent lentiviral vector. Gene 
Therapy (2000) 7, 1421-1424. 
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The use of HIV-based conditionally replicating vectors 
expressing anti-HIV genes for the treatment of AIDS has 
several theoretical advantages over the current vector 
systems being employed. 1 Even in the absence of specific 
inhibitory genes, these vectors would be able to inhibit 
HIV replication by acting as decoys for the HIV regulat- 
ory proteins Tat and Rev, and by competing for packag- 
ing into HIV-1 -encoded virions, facilitating the spread of 
the vector to unprotected cells in vivo. 2 ' 5 In order to pro- 
vide the most effective inhibition of HIV replication, the 
vector must have a competitive advantage for packaging 
over the wild-type virus mRNA. To achieve this when 
an anti-HIV gene is inserted into the vector, the vector 
must be less sensitive to the anti-HIV gene than wild- 
type virus. 

Some of the most potent anti-HIV genes characterized 
so far are transdominant negative mutants of Rev. 6,7 
Expressing such anti-HIV genes in HIV-based vectors 
would require the use of a Rev-independent system to 
produce significant quantities of vector. Several attempts 
have been made to develop Rev-independent lentiviral 
vectors based on HIV-1 or SIV-1. 8 " 13 These systems make 
use of the MPMV or SRV-1 constitutive transport element 
(CTE) to complement for the absence of the RRE/Rev 
mRNA transport mechanism. Most studies have focused 
on the use of the CTE to increase the expression of 
Gag /Pol from helper plasmids lacking RRE sequences, 
while using transfer vectors that are dependent on the 
RRE/Rev mRNA transport mechanism. In these cases the 
synthesis of Gag /Pol was reduced seven-fold, 8 to 50-fold 9 
relative to those using the RRE/Rev regulatory mech- 
anism, resulting in vector titers that were 10 4 and 10 3 
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cfu/ml, respectively. In the best reported case, titers of 
10 s cfu/ml have been obtained using an analogous 
combination vector system. 10 

In a previous report, we explored the reciprocal combi- 
nation system, in which the RRE sequences in the transfer 
vector were replaced by the SRV-1 CTE while using a 
fully Rev-dependent helper vector. 14 It has been argued 
that the presence of the RRE in the transfer vector rather 
that in the helper vector would increase the safety of the 
vector as recombinantion events occurring during pack- 
aging would produce transfer vectors retaining the RRE 
that would be incompetent for replication in the absence 
of Rev. However, in conditionally replicating lentiviral 
vectors designed to express TdRev, the Rev-independent 
character of the vector has to reside in the transfer vector 
itself rather than in the helper vector. This report's goal 
was to design the most optimal CTE + Rev-independent 
lentiviral vector. 

An example of a fully Rev-dependent vector is pcCG6 
(Figure 1). This vector contains an RRE element cloned 
within an intron, expresses EGFP under the control of the 
CMV promoter and can produce biologically active titers 
in excess of 10 6 cfu/ml. 14 Cotransfection of this plasmid 
with the Rev-dependent helper pCMVAR8.2 15 produces 
vector preparations capable of transducing 27% of the 
target cells (Figure 2a). As we previously reported, 
replacing the RRE sequences by a 280-bp fragment con- 
taining the SRV-1 CTE (vector pcCG8), results in a 15- 
fold reduction in vector titers (Figure 2a, P < 0.001). This 
was consistent with the reduction in vector titers 
observed by others when introducing the CTE in one of 
the components of the packaging system. As the function 
of the CTE is to increase the transport of unspliced cyto- 
plasmic mRNAs by facilitating their nuclear export rather 
than by preventing their splicing, 16 we reasoned that we 
might be able to increase vector titers by augmenting the 
fraction of unspliced cytoplasmic mRNA available for 
packaging. This was accomplished by mutating the major 
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Figure 1 Schematic structures of the vectors used in this study. Construc- 
tion of vector pcCG6, pcSN6, pcCG8, pcCG9, pcSN9 has been described 
in Mautino et al} 4 Vectors pcCG8~3C and pcCG9~3C were constructed 
by deleting a 280 bp Xbal fragment containing the SRV-1 CTE sequences 
from pcCG8 and pcCG9, and cloning it back into an Avrll site down- 
stream of the EGFP gene. To create plasmid pcSN9-3C, a Spel fragment 
encompassing the CMV-EGFP expression cassette from pcCG9-3C was 
deleted and replaced by an Spel-Xbal fragment containing the SV40~neo 
expression cassette obtained by PCR from plasmid pcSN7. 74 The following 
features are depicted in the vector structures: LTR, HIV-1 long terminal 
repeat; Agag, HIV-1 gag gene truncated at the Nsil site of H1V-1 NL4 _3; 
RRE, Rev responsive element; cPPT f central polypurine tract; CTE, SRV- 
1 constitutive transport element; SD+/SA+ wild-type splicing donor and 
acceptor sites; SD~fSA~, mutant splicing donor and acceptor sites. In the 
vector names, CG indicates a CMV-EGFP expression cassette, while SN 
indicates an SV40-Neo expression cassette. 

splice donor and acceptor sites that were flanking the 
CTE, creating vector pcCG9 14 which showed a six-fold 
increase in the number of transduced cells with respect to 
pcCG8 (Figure 2a, P < 0.01). In spite of this improvement, 
vector titers were approximately 7 x 10 5 cfu/ml, which 
was still five-fold lower than a fully Rev-dependent 
vector system. 

It has been reported that the MPMV CTE functions in a 
position-dependent manner in the context of replication- 
incompetent SIV-1 vectors. 17 These experiments indicated 
that the function of CTE decreases as the distance 
between the CTE and the poly(A) sequences increases 
beyond 200 bp. As the distance between the CTE and the 
poly(A) site in the 3 'HIV LTR in our vector pcCG8 and 
pcCG9 is 2390 bp, we tested whether moving the CTE 
closer to the poly(A) site would improve vector titers. To 
do this we removed the fragment containing the CTE 
sequences from pcCG8 and pcCG9 and cloned it down- 
stream of the EGFP gene to create vectors pcCG8-3C and 
pcCG9-3C (Figure 1). This reduced the distance between 
the CTE and the poly(A) site to 730 nt. Figure 2a shows 
that the percentage of GFP" cells that can be obtained 
with these vectors in parallel transfection and transduc- 
tion assays is 12-fold (P < 0.01) and three-fold (P < 0.01) 
higher for pcCG8-3C and pcCG9-3C than for pcCG8 and 
pcCG9, respectively. This suggests that moving the CTE 
to a location closer to the poly(A) site was more beneficial 
to improve vector function than mutating the splicing 
signals. Moreover, the combination of these two modifi- 
cations has an additive effect, allowing the increase of 
titers to levels greater than observed with a fully Rev- 
dependent vector system such as pcCG6 (1. 6-fold; P < 
0.02). 
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Figure 2 Influence of structural modifications on vector titers. 10 fig of 
each vector plasmid DNA were cotransfected with 7 fig of helper plasmid 
pCMVAR8.2, 15 3 fig of plasmid LTR-G encoding the VSV-G envelope 
protein, and 1 fig of plasmid pGL3 encoding lucif erase to control for trans- 
fection efficiency, into 4xl0 6 293T cells seeded in 100 mm poly-D-lysine 
coated dishes. Sixty hours after transfection, supernatants were passed 
through 0.45 fim filters and used to transduce 3 x 10 s TE671 cells in 
medium supplemented with 8 figjml polybrene. For vectors containing 
the EGFP marker gene (a), 1 ml of undiluted supernatant was used for 
the transductions, and cells were analyzed by FACS 36 h after transduc- 
tion. For cells having the Neo marker gene (b), 1:10 serial dilutions of the 
filtered supernatant were used to transduce TE671 cells, which were selec- 
ted in DMEM supplemented with G418 1 mgjml for 12-14 days. Bars 
represent the averages and standard deviations for five values (a) or seven 
values (b), respectively. 



We next swiched the CMV-EGFP expression cassette 
for an SV40-Neo expression cassette in pcCG9-3C, as this 
marker permits quantification of the colony-forming 
units present in the vector supernatant. This created vec- 
tor pcSN9-3C (Figure 1). We compared the vector titers 
of pcSN9-3C with the previously described vectors 
pcSN6 and pcSN9 that have the same SV40-Neo 
expression cassette. 14 Moving the CTE closer to the 3' 
HIV LTR produces a 17- fold increase in vector titers 
(Figure 2b, P < 0.01). These titers (1.4 x 10 6 cfu/ml) are 
very close to the titers that can be obtained with a fully 
Rev-dependent vector such as pcSN6 (1.8 x 10 6 cfu/ml). 

In order to make a direct comparison of the vector titer 
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differences between pcSN6, pcSN9 and pcSN9-3C we 
performed a packaging competition experiment by a 
two-vector cotransfection (Figure 3). The resultant 
supernatant was used to transduce target cells from 
which specific DNA fragments were amplified by PCR 
from their genomic DNA. The relative intensity of the 
signals amplified from each vector sequence gives an esti- 
mation of the relative input titers that can be obtained 
with each vector (in the same transfection and transduc- 
tion events). The data suggest that vector pcSN9-3C is 
packaged and transduced with an efficiency that has 
about nine-fold higher than the fully Rev-dependent vec- 
tor pcSN6, and 18-fold higher than vector pcSN9. An 
interesting observation is that in these two-vector compe- 
tition experiments the overall titer on TE671 cells was not 
affected with respect to what is observed when transfect- 
ing one vector at a time (not shown). This suggests that 



CD G> 




Figure 3 Comparison of vector performances by two-vector packaging 
competition. The two vectors indicated at the top of each lane were cotrans- 
fected (5 \xg of each) along with 8 pug of the helper plasmid pCMVAR8.2 
and 3 pig of a plasmid encoding the VSV-G envelope into 4 x 10 6 293T 
cells seeded in a 100 mm dish. After 60 h, the supernatant was filtered 
and used to transduce TE671 cells. After a 2-week selection in medium 
supplemented with G418 1 mgjml, genomic DNA was purified from the 
transduced TE671 cells and the relative vector copy number was measured 
by semiquantitative radioactive PCR. The primers used (5' 
TTAAGGCCAGGGGGAAAGAAACAAT 3', 5' GAGTTAGGGG 
CGGGACTATGGTTG 3') recognize the same sequences in vectors 
pcSN6, pcSN9 or pcSN9-3C, and generate PCR fragments of 1693 bp, 
1189 bp and 933 bp, respectively. PCR amplification was performed for 
26 cycles (30 s at 94°C, 30 s at 59°C and 3 min at 72°C) in the presence 
of 10 piM 32 P-a-dCTP. The radioactive PCR products were electrophoresed 
through 1% agarose gels and the radioactive signal was quantified using 
a phosphoimager. The arrows indicate the PCR bands that are amplified 
from each of the indicated proviruses. The average ratios (n = 4) between 
the intensities of the two bands in each lane, are indicated at the bottom 
of each lane. 



the presence of heterozygous virions does not reduce the 
overall functionality of the vector preparations. 

We then asked whether the efficiency of particle forma- 
tion was affected by this modification. To assess this, we 
purified virion mRNA from equal aliquots of vector 
supernatant and measured the amount of DNAse-treated 




Figure 4 Comparison of packaging efficiency between vectors pcSN9, 
pcSN9-3C and pcSN6. (a) Dot blot hybridization of vector RNA purified 
from the supernatant. To purify vector RNA, 100 pig of carrier yeast 
tRNA and 1 fig of tracer plasmid pEGFP-Nl (Clontech, Palo Alto, CA, 
USA) were added to 2.5 ml of filtered vector supernatant prepared as 
described in Figure 2. RNA was extracted with Trizol LS (Gibco BRL, 
Rockville, MD, USA):cloroform, precipitated from the aqueous phase with 
isopropanol, resuspended in water, treated with RNAse-free DNAse, and 
subjected to another round of extraction with Trizol LSxloroform. RNA 
concentration was measured by A 26 o and 5 p.g and 1 pig of RNA was dot 
blotted on to nylon membranes and hybridized with a radiolabeled probe 
corresponding to the LTR-gag region of all vectors. A parallel dot blot 
was hybridized with an EGFP probe to verify the complete elimination of 
DNA during the RNA purification process. One representative dot blot 
of three experiments is shown, (b) The packaging efficiency of each vector 
was estimated as the ratio between the RNA present in the virions nor- 
malized to the total amount of capsids present in the same supernatant. 
The amount of capsids was estimated by p24 EL1SA (Coulter, Fullerton, 
CA, USA). 
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vector RNA by dot blot hybridization with a probe comp- 
lementary to the HIV LTR (Figure 4a). Control for 
absence of DNA contamination was performed by meas- 
uring the elimination of a reporter plasmid that was 
added to the supernatant before starting the viral RNA 
purification. Quantification of the hybridization signals 
indicates that the viral RNA levels of pcSN9-3C are two- 
fold the levels seen for the Rev-dependent vector pcSN6, 
and six-fold the levels of RNA observed for pcSN9. When 
these values were normalized for the total number of cap- 
sids measured as p24 present in the supernatant, the 
results indicate that vector pcSN9-3C has a higher pack- 
aging efficiency than vector pcSN6 (1.4-fold) or pcSN9 
(five-fold) (Figure 4b). This might reflect higher levels of 
unspliced genomic RNA available for packaging, either 
as a result of an enhanced nuclear export efficiency or an 
enhanced vector genomic RNA stability. 

In summary, we have improved the titers of Rev-inde- 
pendent CTE-based lentiviral transfer vectors by mutat- 
ing the splicing signals and locating the CTE elements 
closer to the 3' end of the vector transcript, and by pack- 
aging them with an HIV-1 helper that uses the RRE/Rev 
regulatory mechanism to drive the expression of 
Gag/Pol. The titers obtained with this combination pack- 
aging system are of the same level or even higher than 
the titer that can be obtained with a fully Rev-dependent 
packaging system. Here, the transfer and helper genomes 
share homology only in the truncated gag region that 
forms part of the packaging signal of the transfer vector 
(468 nt) and thus they should be less prone to generate 
replication competent vectors than packaging systems in 
which both the helper and transfer vectors share hom- 
ology in the RRE region. Moreover, this system gives 
approximately 15-fold higher titers than the best recipro- 
cal combination packaging system in which the CTE is 
used to increase expression of Gag /Pol from the helper 
plasmid and the transfer vector retains the RRE/Rev 
regulatory elements. 

A lentiviral vector whose genomic mRNA does not 
require Rev for transport to the cytoplasm would possess 
a competitive advantage for packaging with respect to 
the genomic RNA of wild-type HIV-1 in cells where 
TdRev is being expressed by the vector. Such TdRev- 
expressing lentiviral vectors may be an extremely potent 
anti-HIV gene therapy system. 
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We describe the generation of stable human immunodeficiency virus type 1 (HlV-l)-packaging lines that 
constitutively express high levels of HIV-1 structural proteins in either a Rev-dependent or a Rev-independent 
fashion. These cell lines were used to assess gene transfer by using an HIV-1 vector expressing the hygromycin 
B resistance gene and to study the effects of Rev, Tat, and Nef on the vector titer. The Rev-independent cell lines 
were created by using gag-pol and env expression vectors that contain the Mason-Pfizer monkey virus (MPMV) 
constitutive transport element (CTE). Vector titers approaching 10 4 CFU/ml were routinely obtained with these 
cell lines, as well as with the Rev-dependent cell lines, with HeLa-CD4 cells as targets. The presence of Nef and 
Tat in the producer cell each increased the vector titer 5- to 10-fold. Rev, on the other hand, was absolutely 
essential for gene transfer, unless the MPMV CTE was present in the vector. In that case, by using the 
Rev-independent cell lines for packaging, Rev could be completely eliminated from the system without a 
reduction in vector titer. 



Retroviral vectors based on oncoviruses, such as Moloney 
murine leukemia virus, have been used extensively for gene 
transfer with efficient packaging cell lines and vectors devel- 
oped for this purpose (35). However, a major drawback in the 
use of these systems is that at least one round of cell division 
is required for proviral integration into the target cell (36, 47, 
53). Thus, these vectors cannot be used for gene transfer to 
nondividing or growth-arrested cells (36). This has severely 
restricted their potential usefulness. 

In contrast to the simpler oncornaviruses, the more complex 
human immunodeficiency virus (HIV) can infect nondividing 
cells, and integration of proviral DNA occurs without the need 
for cell division (30, 31). Indeed, HIV-based vector systems 
exploiting this property have recently been shown to transfer 
genes to nondividing cells (e.g., neurons) (39, 43), establishing 
"proof of principle." 

Several features inherent to HIV create challenges for its 
development as a gene delivery vector. The fact that" it is a 
known pathogen requires that the vector systems be com- 
pletely free from even traces of replication-competent virus. 
Additionally, the complexity of the HIV genome and the key 
roles played by the viral regulatory (11) and accessory proteins 
(55) in modulating gene expression and viral infectivity make 
the development of efficient HIV-based vector systems a non- 
obvious venture. 

A key HIV regulatory protein that has to be considered in 
the development of an HIV vector system is Rev. Rev is nor- 
mally required to mediate nuclear-cytoplasmic transport of 
mRNAs encoding the HIV structural proteins (12, 15, 20, 33). 
In most circumstances, Rev would thus be expected to be 
needed in the packaging cell to allow the production of the 
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structural proteins as well as for production of full-length RNA 
from an HIV vector. 

We have previously described the use of a small fragment 
from the Mason-Pfizer monkey virus (MPMV) genome, called 
the constitutive transport element (CTE), that allowed HIV 
structural protein synthesis without the need for Rev (6). This 
element also enabled the production of infectious HIV when 
introduced into a proviral clone lacking a functional rev gene. 
It should thus be possible to utilize this element to create an 
HIV vector system that does not require Rev. Such a system 
would be simpler to manipulate, and the Rev-independent 
HIV vectors could be also be used to deliver Rev antagonists 
such as Rev M10 (32, 38) for the inhibition of HIV infection. 

The other regulatory genes, tat and nef, might also be ex- 
pected to affect the titer of HIV vectors produced from pack- 
aging cells, tat would be expected to be necessary for the 
transcriptional activation of the viral long terminal repeat 
(LTR) (11) and possibly also for efficient reverse transcription 
in the target cell (21a). nef might be expected to increase the 
infectivity of vector produced from the packaging cell, in anal- 
ogy to its effect on infectious virus (2, 41, 48, 49). In addition, 
the other HIV accessory genes (vif vpr, and vpu) (55) might 
also have effects on gene transfer efficiency. 

In this paper, we describe the generation of stable HIV type 
1 (HlV-l)-packaging cell lines that constitutively express the 
HIV-1 structural proteins. Cell lines which produce structural 
proteins that efficiently package vector RNA either with or 
without Rev expression are described. These lines were used to 
generate HIV-1 vector stocks capable of delivering a selectable 
marker to CD4-positive target cells. The packaging cell system 
was also used assess the effect of differential expression of rev, 
tat, and nef on the vector titer. 

MATERIALS AND METHODS 

Plasmid constructs. Each plasmid described below is referred to by both name 
and number in the form of pHRxxxx to facilitate identification. 

The plasmid pCMV (pHR16) has been previously described (29). Except as 
noted, all of its derivatives described below have HIV sequences positioned 
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immediately downstream of the promoter-enhancer from the simian cytomega- 
lovirus (CMV) IE94 gene (bp 681 to 1349) (SCU38308 [GenBank Accession 
number M16019]) (24) and upstream of a spliceable intron and potyadenylation 
signal derived from the rabbit beta-globin gene (bp 906 to 1827) (RABHBB1A1 
[GenBank accession number J00659]). 

pCMVrev (pHR30) was described previously as pRevl (29). It contains a 
Bsu36l fragment spanning the rev coding region from the HIV-1 cDNA clone 
pCVl (bp 957 to 1678) (HIVPCV12 [GenBank accession number Ml 1840]) (3) 
inserted into the plasmid pCMV (pHR16) as described above. pCMVtat 
(pHR136) is similar to pCMVrev except that it contains a Sail-BamHl fragment, 
spanning the tat coding region from pCVl (bp 787 to 1142), in place of the rev 
sequences. pCMVnef (pHR1405) was derived from pCMVrev by cloning nef 
sequences from pNL4-3 (bp 8787 to 9410) (HIVNL43 [GenBank accession 
number Ml 9921]) (1) in place of rev sequences between the ATG at the start of 
rev and the BamHl site present near the 3' end of the rev gene. 

pCMVgagpol-RRE (pHR354) contains HIV sequences derived from the 
BH10 clone (19, 42) (bp 229 to 5332 followed by bp 7168 to 8021), and pCMVenv 
contains HIV sequences derived from the HxB2 clone (42) (bp 5550 to 8443). In 
both cases, the numbering system is given in terms of the HxB2 genome 
(HIVHXB2R [GenBank accession numbers K03455 and M38432]). These plas- 
mids are similar to the previously described pGAGPOL-RRE-r (pHR146) (51) 
and pSVSXIAl (pHR278) (20) except that they contain the simian CMV im- 
mediate-early promoter in place of the simian virus (SV40) sequences. 

pCMVgagpol-CTE (pHR1361) is similar to pCMVgagpol-RRE except that 
the Rev response element (RRE) sequences (HIV bp 7620 to 8474) and beta- 
globin intron have been replaced by the MPMV CTE and polyadenylation signal 
(bp 8007 to 8557) (SIVMPCG [GenBank accession number M 12349]) (6). 
pCMVenv-CTE (pHR1374) was created from pCMVenv by insertion of the 
MPMV CTE and polyadenylation signal (bp 8007 to 8540) in place of the 
beta-globin intron. 

The HIV vector pTR167 (pHR1266) has been previously described (45) and 
was a gift from Nilo Panganiban, University of Wisconsin, Madison. To make 
this vector, pNL4-3 (HIVNL43 [GenBank accession number M 19921]) (1) was 
cleaved to completion with Nsil and religated. This deleted the central portion of 
the HIV genome between nucleotides 1251 and 6742. A cassette containing the 
hygromycin B resistance gene under the control of the SV40 early promoter was 
then inserted into the Nhel site near the middle of the env gene at nucleotide 
7250. pTR167-AXho (pHR1572) was derived from pTR167 by cleavage and T4 
DNA polymerase repair of its unique Xhoi site corresponding to nucleotide 8887 
of pNL4-3. This inactivated nef by the introduction of a frameshift mutation near 
the start of the open reading frame. pTR167-CTE contains the MPMV CTE 
(SI VMPM V) (bp 8007 to 8240) inserted into the repaired Xhol site as well as a 
small deletion of pNL4-3 nucleotides (8790 to 8886) immediately upstream of 
the CTE. These modifications also inactivated nef. 

pHyg (pHR392), a plasmid which confers hygromycin B resistance (54), and 
pRSVneo (pHR1265) (SYNPRSVNEO [GenBank accession number M77786]), 
a plasmid which confers G418 resistance (17), have been previously described. 
All plasmids and further details about their construction are available on request. 

Maintenance of cell lines. Cell lines were maintained in Iscove's medium 
(GIBCO) containing 10% calf serum (Hyclone). CMT3-COS cells are a line of 
African green monkey kidney cells expressing SV40 large T antigen under the 
control of the mouse metallothionein gene promoter (16). HeLa-CD4 cells (8) 
were kindly provided by D. Camerini, University of Virginia, Charlottesville, and 
were maintained in Iscove's medium containing G418 (L5 mg/ml). 

Creation of cell lines stably expressing HIV structural proteins. Cells were 
stably transfected by using a modification of the calcium phosphate method (18). 
In preparation for the transfection, cells were first plated onto 100- mm -diameter 
plates at a density of about 2 x 10 fi cells per plate and incubated overnight. The 
transfection was performed the next day, when the plates were 70 to 80% 
confluent. At this time, the cells were washed twice with 10 ml of Tris-buffered 
saline (TS) (pH 7.4) (137 mM NaCl, 20 mM KC1, 25 mM Trizma base, 0.7 mM 
Na 2 HP0 4 [anhydrous], 0.9 mM CaCI 2 [anhydrous], and 0.5 mM MgCl 2 [6-hy- 
drate]) prior to the addition of the DNA. 

A 1.5-ml suspension containing the DNA was added per 100-mm-diameter 
plate. The DNA suspension was prepared from two separate solutions. For each 
1.5 ml of suspension, the first solution (solution A) contained 0.15 ml of 1,25 M 
CaCl 2 , 0.15 ml of DNA mixture in H 2 0, and 0.45 ml of H z O. The second solution 
(solution B) contained 0.6 ml of H 2 0 and 0.15 ml of 10 x HEPES buffer, pH 7.25 
(1.37 M NaCl, 5 mM KC1, 7 mM Na 2 HP0 4 [anhydrous], 10 g of glucose per liter, 
and 210 mM HEPES). Solution A was added slowly to solution B under contin- 
uous bubbling to form a fine precipitate. To create B4.14 cells, 8 u,g of pCMV- 
gagpol-RRE, 2 u,g of pCMVrev, and 2 jxg of pHyg were added per 100-rnm- 
diameter plate of CMT3-COS cells. To create 5BD.1 cells, 8 u.g of pCMVenv and 
2 u,g of pRSVneo were added per 100-mm-diameter plate of B4.14 cells. To 
create 2A.22 cells, 8 (xg of pCM Vgagpol-CTE, 8 ng of pCM Venv-CTE, and 2 u-g 
of pRSVneo were added per 100-mm-diameter plate of CMT3-COS cells. 

The 1.5 ml of DNA suspension was left on the cells for 2 min, and then 1.5 ml 
of complete medium was added. After an additional 15 min of incubation at 
room temperature, 6 ml more of medium was added, and the cells were then 
incubated for an additional 5 h at 37°C in a 5% CO z incubator. The precipitate 
and medium were then removed, and 4 ml of 20% glycerol in TS was added. The 
glycerol solution was left on the cells for precisely 70 s. The cells were then 



washed twice with 10 ml of TS before 10 ml of complete medium was added. The 
cells were then incubated at 37°C in 5% C0 2 overnight. 

The plate of transfected cells was then split into six plates which were incu- 
bated in complete medium until the next day, when the appropriate drug selec- 
tion was started. During the selection period, medium containing the drug was 
changed every 3 to 4 days. G418 was used at 1.5 mg/ml. Hygromycin B was used 
at 200 ng/ml. In either case, small resistant colonies were observed starting at 
about 8 to 10 days after the start of selection. The cell colonies were picked into 
24-well plates at about day 14, expanded further as necessary, and screened for 
gag expression by p24 enzyme-linked immunosorbent assay (ELISA) or env 
expression by Western blotting. Each transfection yielded numerous positive 
clones. 

Transient transfection of packaging cells and infection of target cells. Pack- 
aging cells were transfected to produce a vector stock, using a DEAE-dextran 
transfection method previously described (21). Typically, a 100-mm-diameter 
plate of cells was transfected with 5 jig of HIV vector (pTR167 and its deriva- 
tives) and 2 u,g of each of the pCMV-based vectors expressing the various HIV 
regulatory proteins. When pCMVenv was co transfected, 20 u,g was used. Super- 
natants were harvested at 72 h posttransfection and cleared of cells by centrif- 
ugation at 2,500 rpm in an IEC Centra-8R centrifuge at 4°C for 15 min. 

To perform the infection of HeLa-CD4 cells with the HIV vector stocks, 
10-fold serial dilutions of the cleared supernatant were made in complete me- 
dium. DEAE-dextran was then added to each dilution at a concentration of 8 
u,g/ml to facilitate viral absorption, and 1 ml of each dilution was added to a 60% 
confluent 60-mm-diameter dish of cells, which had been subcultured the previous 
day. The vector was allowed to adsorb for 4 h at 37 C C, at which time 4 ml of 
complete medium was added and the incubation was continued. The medium 
was replaced 2 days later with medium containing 200 u,g of hygromycin B per 
ml. This medium was changed every 2 to 3 days. After about 14 days, the 
resultant colonies were fixed and stained with 0.5% crystal violet in 50% meth- 
anol. All experiments were carried out in duplicate. 

To test for replication-competent virus that might be produced from the 
packaging cells, medium was collected from the transfected cell cultures and 6 ml 
of the collected medium was used to infect 5 X 10 6 MT-4 cells. Virus was allowed 
to absorb for 24 h in the presence of 8 u,g of DEAE-dextran per ml. The cells 
were then spun down, washed one time in phosphate-buffered saline, and resus- 
pended in 10 ml of RPMI plus 10% fetal calf serum. Thereafter, at 3- to 4-day 
intervals, two-fifths of the culture (4 ml) was collected for p24 assay and replaced 
with fresh medium. 

Western blots and p24 assays. Western blotting was performed as previously 
described (20, 21) either with a monoclonal antibody directed against p24 (9), 
Rev (40), or Vif (50) or with a rabbit polyclonal antiserum directed against 
gpl20. The rabbit serum was produced by immunization with a fragment of 
gpl20 (amino acids 343 to 512) produced in Escherichia coli. p24 assays were 
performed with a commercial kit (DuPont) according to the directions of the 
manufacturer. 

RESULTS 

Creation of packaging cell lines that constitutively express 
the HIV-1 structural protein genes. The first step in the gen- 
eration of a helper-free vector system is the establishment of 
cell lines that can be used to package vector-derived RNA. To 
create such cell lines for use with HIV vectors, one must take 
into account the fact that expression of the HIV-1 structural 
protein genes normally requires the presence of the RRE in cis 
and coexpression of the HIV-1 rev gene in trans. 

We have previously described transient-expression systems 
containing these components which allowed production of 
large quantities of HIV-1 pseudovirions (51) and envelope 
proteins (44). Using these systems, we demonstrated that virus- 
like particles could be produced from transfected CMT3-COS 
cells and that cell surface envelope protein expression could be 
readily obtained. Subsequently, we showed that expression of 
structural protein genes from these vectors could be made Rev 
independent by insertion of the MPMV CTE into the respec- 
tive expression vectors (6). This element consists of a 168- 
nucleotide fragment derived from the 3' end of the MPMV 
genome (13, 14). The CTE overcomes the need for Rev coex- 
pression, presumably by interacting directly with a cellular 
protein involved in RNA export. 

Our original plasmid expression systems were based on 
SV40 late replacement vectors that contained the entire SV40 
early region and required SV40 replication for HIV-1 protein 
expression. Because SV40 replication kills transfected cells, 
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FIG. 1. Scheme for the production of stable packaging cells. (A) Rev-con- 
taining packaging cells were produced from the parental CMT3 cell line in two 
steps by transfection with the indicated plasmids. These cells are hygromycin B 
and G418 resistant. (B) Rev-independent packaging cells were produced in a 
single step by transfection with the indicated plasmids. These cells are G418 
resistant. The HIV genes contained in each cell line are given in italics under the 
cell line name. 



these plasmids were not suitable for the creation of stable 
cell lines. To create expression plasmids that could be used 
for this purpose, we modified our original vectors by ex- 
changing the SV40 sequences for the simian CMV immedi- 
ate-early promoter. This led to the creation of four novel 
plasmids: CMVgagpol-RRE and pCMVenv, which require 
Rev coexpression for HIV-1 structural gene expression, and 
pCMVgagpol-CTE and pCMVenv-CTE, which do not. (see 
Materials and Methods for plasmid details). These plasmids 
were structurally similar to pCMVrev, a plasmid which ex- 
presses HIV-1 Rev, which has been previously described 
(29). Similar vectors that expressed Tat (pCMVtat) and Nef 
(pCMVnef) were also made. 

RNA produced from these plasmids would not be expected 
to be packaged into viral particles, since sequences from the 
5' end of the genome, which are required for packaging, are 
lacking in every case. The constructs expressing env, nef, tat, 
and rev are all devoid of any of the sequences that have been 
implicated in packaging. The plasmids expressing gag-pol do 
contain some of the region thought to be required for pack- 
aging but lack the first 228 nucleotides of the HIV genome. 
This includes all of R, all of U5, and the primer binding site. 
Several studies have shown that these sequences form part of 
the RNA packaging signal (5, 34, 56), and HIV RNA lacking 
these sequences packages at least 15 times less well than the 
wild type (22). The expression plasmids also lack some of the 
sequences required for reverse transcription. 

To create Rev-containing and Rev-independent packaging 
cell lines, CMT3 cells were transfected with vectors expressing 
Gag, Gag-Pol, and Env, using a calcium phosphate transfection 
procedure. The lineages of these cell lines are shown in Fig. 1. 
Rev-containing B4.14 cells were made by cotransfection of 
pCMVgagpol-RRE, pCMVrev, and pHyg, a plasmid that con- 
fers resistance to hygromycin. This cell line was then used as 
transfection recipient to create the 5BD.1 cell line. To make 
5BD.1 cells, B4.14 cells were cotransfected with pCMVenv and 
pRSVneo, a plasmid that confers resistance to G418. 5BD.1 
cells are thus resistant to both hygromycin and G418. The 



Rev-independent cell line 2A.22 was made by cotransfection of 
pCMVgagpol-CTE, pCMVenv-CTE, and pRSVneo. 

All three cell lines were initially assessed for HIV-1 struc- 
tural protein gene expression. HIV-1 envelope protein expres- 
sion was determined by analysis of cell lysates on Western 
blots, using a gpl20-specific antiserum (Fig. 2A). As expected, 
both 5BD.1 and 2A.22 cells expressed high levels of gpl60 and 
gpl20. A similar analysis of the cell lines with an anti-Rev 
antiserum demonstrated that B4.14 and 5BD.1 cells also ex- 
pressed Rev (data not shown). 

A quantitative p24 (CA) assay was performed to analyze the 
levels of HIV-1 Gag expression in the cell lines. To do this, a 
confluent plate of each cell line was split 1:5 and allowed to 
grow at 37°C for 3 days. Samples of media were taken at 1-day 
intervals during this time period and assayed for p24 by 
ELISA. The results of this assay are shown in Fig. 2B. All three 
cell lines excreted large amounts of p24, reaching levels of 
between 10 and 30 ng/ml after 3 days in culture. The 5BD.1 cell 
line consistently showed threefold-higher levels than the other 
two. In addition, Western blot analyses with either a human 
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FIG. 2. Analysis of env and gag-pol expression in the stable packaging cell 
lines. (A) Western blot of lysates from about 10* cells of each indicated cell line. 
The primary antibody consisted of a 1:300 dilution of polyclonal rabbit antiserum 
directed against gpl20. A goat anti-rabbit secondary antibody, conjugated to 
alkaline phosphatase, was used to develop the blot. C, CMT3 cell line control. (B) 
p24 production by the stable cell lines as a function of days in culture. Super- 
natants from each cell line were analyzed for p24 antigen by using a DuPont 
ELISA test kit as described in the text. 
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vectors. The proviral portion of pTR167 and its derivatives are shown below this 
diagram. The inactive ne/gene of pTR167-CTE and pTR167-AXho is shown as 
a filled box (see text for details). 



HIV-positive antiserum or a monoclonal antibody directed 
against p24 (CA) showed good expression of the Gag and 
Gag-Pol gene products within all three cell lines (data not 
shown). 

The Gag-Pol expression plasmids used to the make cell lines 
also contained the Vif open reading frame and were thus 
theoretically capable of expressing Vif from a spliced mRNA. 
To assay for Vif expression, a Western blot analysis was per- 
formed with each cell line by using an anti-Vif monoclonal 
antibody obtained from Michael Malim (University of Penn- 
sylvania). Low-level Vif expression could be detected in the 
5BD.1 cell line, but Vif expression was not detectable in either 
the B4.14 or 2A.22 cell line (data not shown). This result was 
surprising because 5BD.1 is derived from B4.14. However, 
since our p24 analysis demonstrated that 5BD.1 cells express 
higher levels of Gag-Pol than B4.14 cells, Vif may be expressed 
in B4.14 at levels below detection by the method used. 

The B4.14, 5BD.1, and 2A.22 cell lines can be used to pack- 
age HIV-1 vector-derived RNA without production of replica- 
tion-competent virus. The cell lines were next tested for their 
abilities to package viral RNA derived from an HIV vector and 
promote the production of virus particles capable of delivering 
a gene to target cells. To do this, we utilized a previously 
described HIV vector, pTR167 (45). pTR167 is derived from 
the infectious HIV-1 proviral clone pNL4-3 (1), and a sche- 
matic diagram of the important portion of this vector is shown 
in Fig. 3. pTR167 was created by deletion of 5,491 nucleotides 
from the central region of pNL4-3, followed by the insertion of 
an SV40 early promoter-driven hygromycin resistance cassette 
in the middle of the env region. The vector retains both LTRs, 
the nef gene, the 3' end of the env gene including the RRE, and 
sequences from the 5' end of the genome just into the start of 
p24. 

Transfection of packaging cells with pTR167, together 
with vectors that produce Tat and Rev (e.g., pCMVrev and 
pCMVtat), would be expected to produce three pTR167-de- 
rived RNA species. The largest of these would be a full-length 
RNA produced from the viral LTR. This RNA should be 
capable of being packaged into HIV particles and would also 
be expected to be spliced into a subgenomic species, since the 
major 5' splice donor and 3' tat-rev splice acceptor sites present 
in the HIV genome remain intact. The spliced mRNA should 
encode Nef. Indeed, Western blot analysis of cells transiently 



transfected with pTR167, pCMVrev, and pCMVtat confirmed 
that Nef was abundantly produced (data not shown). The third 
RNA species would be expected to be an mRNA encoding 
hygromycin resistance produced from the internal SV40 early 
promoter. Infection of target cells with HIV particles contain- 
ing full-length pTR167 RNA would be expected to lead to 
integration of a vector-derived provirus and expression of hy- 
gromycin resistance, assuming that expression of the SV40 
promoter-driven mRNA was Tat and Rev independent. 

To test the packaging cell-vector system, pTR167 and 
pCMVtat were transfected into 2A.22, B4.14, or 5BD.1 cells, 
using DEAE-dextran. In some cases pCMVenv was also co- 
transfected. pCMVrev was also added to the transfections in- 
volving the 2A.22 cells, since this cell line did not contain 
endogenous Rev. Medium from each transfected plate was 
harvested at 72 h posttransfection. One milliliter of the col- 
lected medium was then used to infect HeLa or HeLa-CD4 
cells, according to the procedures described in Materials and 
Methods. The infected cells were then subjected to hygromycin 
selection for 14 days, at which time they were stained and 
colonies were counted. The results of this experiment are pre- 
sented in Table 1. 

The data in Table 1 demonstrate that both the 2A.22 and 
5BD.1 cell lines supported the production of infectious vector 
which could deliver the hygromycin resistance gene to the 
HeLa-CD4 target cells with titers greater than 10 3 CFU per ml. 
Gene delivery was clearly HIV envelope protein mediated, 
since infection of HeLa cells lacking CD4 did not occur. The 
B4.14 cell line also produced vector capable of delivering the 
marker gene to HeLa-CD4 cells at reasonably high titers, but 
only when a source of HIV-1 envelope protein was provided by 
cotransfection with pCMVenv. pCMVenv cotransfection had 
little effect on vector production from the 2A.22 cell line. 

We next performed an experiment designed to determine if 
replication-competent virus was produced in the packaging cell 
lines transfected with pTR167. It seemed unlikely that this 
would occur, since the plasmids used to create the packaging 
cells lacked viral LTRs and had no regions of overlap (except 
for the RRE or CTE). Multiple recombination events between 
the inserted genes and pTR167 would thus have to take place 
to create a replication-competent virus (see Discussion). Nev- 
ertheless, because of the safety issues involved, we wanted to 
formally rule out this possibility. 

To test for replication-competent virus production, a 100- 
mm-diameter plate of each of the three cell lines was cotrans- 
fected with pTR167, pCMVrev, pCMVtat, and pCMVnef. 
pCMVenv-CTE was also added to the cotransfection for the 
B4.14 cell line. After 72 h, the medium (10 ml) from each plate 
was collected. In each case we also collected medium from a 
plate that was not subjected to the transfection procedure. Six 



TABLE 1. Titers of pTR167 packaged in different cell lines 
with or without added HIV envelope protein 



Cell line 



pCMVenv 



Titer (CFU/ml)° on: 



HeLa cells 



HeLa-CD4 cells 



2A.22* 




0 


2,480 ± 50 




+ 


0 


1,840 ± 110 


B4.14 




0 


0 




+ 


0 


800 ± 200 


5BD.1 




ND C 


9,000 ± 1,800 



a Results are means ± standard deviations for duplicate determinations. 
* Transfections also contained pCMVrev. 
c ND, not determined. 
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FIG. 4. p24 antigen assay to detect replication-competent virus. MT-4 cells 
were infected with supernatants from various cell lines that either were trans- 
fected with pTR167 and the additional expression vectors described in the text 
(closed symbols) or were not transfected (open symbols). p24 was assayed 
throughout the experiment at the days indicated. Supernatants were from B4.14 
(circles), 2A.22 (triangles), or 5BD.1 (squares) cells. The dashed line represents 
the calculated sensitivity cutoff as specified by the ELISA kit's manufacturer. 



milliliters of the collected medium from each plate was then 
used to infect 5 X 10 6 MT4 cells as described in Materials and 
Methods. The MT4 cell line is a line of human T-cell leukemia 
virus type 1 -transformed CD4-positive T cells that are ex- 
tremely permissive for growth of HIV isolates containing an 
HIV-1 IIIB envelope protein (data not shown). The infected 
cells were passaged for 28 days under conditions that would 
support the growth of virus. At regular intervals, medium was 
collected and assayed for p24 by ELISA. The results of this 
experiment are shown in Fig. 4. 

Analysis of Fig. 4 reveals that all six infected cutures be- 
haved essentially the same. There was no significant difference 
between the infections derived from the cell lines that were 
cotransfected with the collection of plasmids and those that 
were not. In all cases, input p24 was reduced by about 100-fold 
at 4 days postinfection (the initial infection procedures washed 
away some of the input p24). The decline continued to below 
detectable levels by about 19 days. In no case could replication- 
competent virus be detected. 

The presence of Tat in the producer cell enhances vector 
titer. Expression of the full-length RNA in pTR167 is directed 
by the viral LTR. It was therefore of interest to determine if 
the presence of Tat in the producer cell influenced vector 
titers, since Tat would be expected to transactivate the viral 
LTR. Tat has recently also been shown to be required for 
efficient reverse transcription in newly infected cells (21a). 

To test for the consequence of Tat expression on the vector 
titer, 5BD.1 and 2A.22 cells were transfected with pTR167 with 
or without pCMVtat cotransfection. For this experiment, 
pCMVrev and pCMVnef were also added to all of the trans- 
fections. This controlled for any possible effect that Rev or Nef 
may have on the vector titer and allowed us to examine only 
the effect of Tat. Medium was harvested at 72 h posttrans- 
fection and used to infect HeLa-CD4 cells, which were sub- 
jected to hygromycin selection for 14 days. Colonies were then 
counted, and the results are tabulated in Table 2. When 
pCMVtat was present in the producer cells, titers of about 5 X 



TABLE 2. Effect of Tat expression on vector titers in 
Rev-containing and Rev-independent packaging cells 



Cells and vector 


pCMVrev 


pCMVtat 


pCMVnef 


Titer 
(CFU/ml) fl 


5BD.1 cells, pTR167 


+ 


+ 


+ 


4,500 ± 100 








+ 


650 ± 250 


2A.22 cells, pTR167 


+ 




+ 


5,250 ± 450 




+ 




+ 


800* 



" Results are means i standard deviations for duplicate determinations. 
b Single determination. 



10 3 CFU/ml were achieved with both cell lines. In the absence 
of Tat, the vector titers were approximately sevenfold lower. 

Rev is required in the producer cell in trans for good vector 
titers but can be replaced by providing the CTE in the vector 

in cis. To test whether good vector titers were dependent on 
the presence of Rev in the producer cell, a transfection-infec- 
tion experiment similar to the one described above was per- 
formed. In this instance, pTR167 was cotransfected into the 
packaging cell line 5BD.1 or 2A.22 with or without pCMVrev. 
For this experiment, pCMVtat and pCMVnef were also added 
to all of the transfections. This controlled for any possible 
effect that Tat or Nef may have on vector titer and allowed us 
to examine only the effect of Rev. Results from the subsequent 
infection of the HeLa-CD4 cells with the producer cell super- 
natants are shown in Table 3. 

The deletion of pCMVrev from the transfection of 5BD.1 
cells did not have any effect on the titer of the vector produced 
from these cells. However, in the case of 2A.22 cells, deletion 
of pCMVrev reduced the vector titer to near zero. These 
results suggested that the vector required Rev but that 5BD.1 
cells contained enough endogenous Rev to obtain good titers. 

To further establish this, we created a modified version of 
pTR167, pTR167-CTE, which had the MPMV CTE cloned 
into the Xhol site of Nef. The relevant portion of this plasmid 
is shown in Fig. 3. When this vector was tested in the trans- 
fection-infection protocol, good titers were obtained in both 
5BD.1 and 2A.22 cells, with or without added Rev. Thus, we 
can conclude that expression from pTR167 is Rev dependent 
but that the need for Rev coexpression can be completely 
overcome by insertion of the CTE into the vector. It is inter- 
esting that the titers obtained from the system completely 
lacking Rev (2A.22/pTR167-CTE) are roughly equivalent to 
the titers obtained with Rev. 



TABLE 3. Effect of Rev expression on vector titers in 
Rev-containing and Rev-independent packaging cells 



Cells and 
vector 


pCMVrev 


pCMVtat 


pCMVnef 


Titer 
(CFU/ml) fl 


5BD.1 cells 










pTR167 


+ 


+ 


+ 


4,500 ± 100 






+ 


+ 


5,600 ± 900 


pTR167-CTE 


+ 


+ 


+ 


3,300 ± 200 






+ 


+ 


2,950 ± 550 


2A.22 cells 










pTR167 


+ 


+ 


+ 


5,250 ± 450 






+ 


+ 


1.5 ± 0.5 


pTR167-CTE 


+ 


+ 




3,950 ± 650 






+ 


+ 


3,400 ± 700 



a Results are means ± standard deviations for duplicate determinations. 
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TABLE 4. Effect of Nef expression on vector titers in 
Rev-containing and Rev-independent packaging cells 



Cells and 
vector 


pCMVrev 


pCMVtat 


pCMVnef 


Titer 
(CFU/ml) a 


5BD.1 cells 










pTR167 


+ 


+ 


+ 


4,500 ± 100 




+ 






i dnn + inn 


pTR167-CTE 


+ 


+ 


+ 


3,300 ± 200 




+ 


+ 




650 ± 350 


pTR176-AXho 


+ 


+ 


+ 


1,850 ± 550 




+ 


+ 




700 ± 400 


2A.22 cells 










pTR167 




+ 


+ 


5,250 ± 450 




+ 


+ 




3,100" 


pTR167-CTE 




+ 


+ 


3,950 ± 650 




+ 


+ 




505 ± 25 


pTR167-AXho 




+ 


+ 


7,700 ± 1,200 




+ 


+ 




550 ± 150 



a Results are means ± standard deviations for duplicate determinations. 
b Single determination. 



The presence of Nef in the producer cell enhances vector 
titer. As mentioned above, pTR167 contains an intact nef gene 
and expresses a functional Nef protein. To determine the effect 
of Nef expression on vector titer, we used two /ie/-negative 
derivatives of pTR167. The first of these, pTR167-AXho, was 
made by cleavage of pTR167 with Xhol followed by subse- 
quent repair with T4 DNA polymerase. This causes a frame- 
shift to occur near the start of the nef open reading frame. The 
relevant portion of this plasmid is shown in Fig. 3. We also 
used pTR167-CTE in these experiments, since it contains a 
nonfunctional nef gent due to the insertion of the CTE into the 
nef open reading frame. 

To examine the consequence of Nef expression in the pro- 
ducer cell on the subsequent vector titer, 5BD.1 or 2A.22 cells 
were transfected with either pTR167, pTR167-CTE, or 
pTR167-AXho, with or without pCMVnef cotransfection. For 
this experiment, pCMVrev and pCMVtat were also added to 
all of the transfections. This controlled for the effects that Rev 
or Tat have on the vector titer and allowed us to examine only 
the effect of Nef. The results of this experiment are shown in 
Table 4. 

As expected, pCMVnef had little effect on the vector titer in 
the case of pTR167. However, for pTR167-CTE as well as 
pTR167AXho, pCMVnef cotransfection increased vector titers 
significantly (3- to 14-fold). This was true in both the Rev- 
dependent and Rev-independent cell lines. 

DISCUSSION 

We have described cell lines that constitutively express 
HIV-1 structural proteins and have demonstrated that they can 
be used to package HIV vector RNA. These lines were readily 
created by standard transfection protocols. In contrast to the 
ease with which we made these lines, others have shown that 
constitutive expression of the HIV-1 envelope protein (52) and 
protease (25, 27) is toxic and have concluded that stable lines 
expressing these proteins are not easily obtainable (27). A 
recent report described the creation of an inducible packaging 
cell line which was designed to overcome this perceived prob- 
lem (58). 

It is hard to reconcile our ability to easily create cell lines 
constitutively expressing the HIV structural proteins with the 
difficulties encountered by others. There does not appear to be 



anything unique about the parental cell line used to establish 
these packaging cells that would explain this. Also, we have 
recently created similar packaging lines from a different pa- 
rental line (293 -T) by the same method (data not shown). 

One possible reason for our success in creating packaging 
lines may be that the selectable marker was introduced on a 
plasmid separate from the ones expressing the structural pro- 
tein genes. It is possible that this more readily allows for the 
selection of cells producing tolerable levels of the structural 
proteins, since it enables covariation. Consistent with this no- 
tion, another cell line that constitutively expresses HIV struc- 
tural proteins has recently been described (10). To create this, 
a full-length proviral clone lacking only 37 nucleotides from 
the packaging region was cotransfected with a plasmid express- 
ing a neo marker. This line was also shown to package a 
minimal HIV vector with an efficiency similar to that of our 
line. 

Several properties of our packaging cells probably account 
for the fact that we were unable to detect replication-compe- 
tent virus. First, the cell lines were constructed by using a split 
genome approach, with the gag-pol-vif coding region on one 
plasmid and the env region on another. There is also virtually 
no overlap between the two plasmids except for the RRE or 
CTE. In the 2A.22 and 5BD.1 cell lines, one or the other of 
these sequences is present on both constructs, but the se- 
quences are positioned such that a recombination event within 
them would not generate a complete genome. Both plasmids 
also lack almost all of the cis-acting signals needed for viral 
replication, including the viral LTRs. In addition, with the 
exception of vif the viral regulatory and accessory genes are 
made from additional separate plasmids. Thus, multiple re- 
combination events would have to occur between the stably 
transfected DNA and vector DNAs to produce an infectious 
recombinant. 

The vector titer obtained for HIV-1 Env-mediated gene 
transfer to CD4-positive cells is comparable to titers recently 
published by others (10 3 to 10 4 CFU/ml) (10, 58). We obtained 
this titer without using any of the titer enhancement protocols 
that have been described in the literature, such as harvest at 
32°C (26), spin infection (26), or pseudotyping with vesicular 
stomatitis virus envelope glycoprotein (VSV G) followed by 
concentration by ultrafiltration (43). It seems likely that incor- 
poration of some of these methodologies into our protocols 
will lead to higher vector titers. In this regard, preliminary 
experiments using the B4.14 cell line have demonstrated that it 
can be used to create HIV pseudotypes that could be concen- 
trated and used to expand the host range of our vectors. 

Our experiments also assessed the role of Tat, Nef, and Rev 
in vector titer. The presence of Tat and Nef in the producer 
cell each increased vector titer about 5- to 10-fold. Rev, on the 
other hand, was absolutely essential for any titer, unless the 
MPMV CTE was included in the vector. 

The increase in titer observed in the presence of Tat could 
be due to transactivation of the viral LTR present in the vector 
or to the recently described effect of Tat on reverse transcrip- 
tion (21a), or both. Activation of transcription from the viral 
LTR would be expected to lead to increased amounts of full- 
length RNA for packaging. The rather low magnitude of the 
effect (5- to 10-fold) compared to that in other reports describ- 
ing Tat transactivation (23, 37) may be due to the fact that our 
HIV vector (pTR167) contained an SV40 origin of replication 
and our packaging cell line contained SV40 T antigen. Under 
these conditions, we have found the HIV LTR to be only 
partially dependent on Tat (unpublished data). The enhance- 
ment by Tat is also considerably lower than its reported effect 
on reverse transcription (21a). It is possible that the low enhance- 
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ment is partially the result of the fact that Tat was supplied by 
cotransfection that was not 100% efficient. Expressing Tat as a stable 
gene in a cell line might be expected to increase the titer further. 

On the other hand, Tat is not needed in the target cell for 
the expression of the selectable marker, since the internal 
SV40 early promoter present in our plasmid is not dependent 
on Tat. It may thus be possible to distinguish between an effect 
of Tat on transcription in the producer cell and an effect of Tat 
on reverse transcription in the target cell by designing a vector 
with a modified LTR. Modifications which alter the HIV LTR 
to make it constitutively active at high levels have been de- 
scribed (46). We are presently examining whether such modi- 
fications can lead to increased vector titers in the absence of 
Tat. 

The mechanism by which Nef increased the vector titer is 
not known, although our observation of a 5- to 10-fold increase 
is consistent with reports in the literature that Nef increases 
viral infectivity (2, 41, 48, 49). Those reports suggest that Nef 
may play a role early in the virus life cycle, since Nef seems to 
enhance the reverse transcription process. However, it is at 
present unclear whether Nef exerts its effect in the producer 
cell to modify the viral structural proteins or whether Nef 
functions in the target cell. The latter possibility is supported 
by recent reports that have demonstrated small amounts of Nef 
in virus particles (7, 41, 57). The vector system described here 
is likely to provide a useful tool for examining this aspect of 
Nef function. 

By creating an HIV vector which contained the MPMV CTE 
(pTR167-CTE) and a packaging cell line which expressed the 
HIV structural proteins in a Rev-independent fashion (2A.22), 
we were able to obtain an HIV vector system that functions 
completely without Rev. The titer of the vector obtained from 
this system was essentially the same as that obtained from a 
parallel system which contained Rev. In this context the CTE 
seemed to substitute completely for Rev-RRE function, simi- 
lar to what was previously observed in transient-expression 
assays with Rev-dependent constructs (6). This is in contrast to 
situations where several rounds of HIV replication were mea- 
sured. In those cases, titers from CTE-containing viruses were 
always reduced by at least 1 log unit compared to viruses 
utilizing Rev and the RRE (6, 59). We presently do not have an 
explanation for this difference. 

Our ability to create an HIV vector system that works in the 
absence of Rev opens the possibility of using it as a delivery 
vehicle for intracellular immunization (4) against Rev function. 
This is not possible to do with a vector system that is dependent 
on Rev, since the antagonist would inhibit vector production. 
Several Rev antagonists that have dramatic inhibitory effects 
on HIV replication, such as Rev M10 (32, 38) or RRE decoys 
(28), have been described. These genes could be readily intro- 
duced into an HIV vector and put into cells normally infectable 
by HIV. Expression of the "anti-Rev" gene would be expected 
to dampen HIV infection. Any residual HIV replication should 
lead to activation of the vector LTR (by Tat) and create a 
vector-derived RNA that would be packaged by proteins de- 
rived from the infectious virus. In this scenario, the wild-type 
virus would act as a helper that may allow the spread of vector 
particles to previously nonimmunized cells. Because of the 
additional vector spread, it is likely that this type of scheme will 
be more effective in modulating HIV infection in vivo than one 
based on traditional retrovirus vectors. We are currently test- 
ing this approach in model systems. 
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